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THE QLA800W MODEL OF NEWCOMEN'8 STEAM ENGINE. 



NoTB.— In working to repair the model here r e p reiented, James Watt, in 1769, 
aade the discovery of a leparafie condenser, which has identified his name witk 
d|p steam engine. 
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The plan of this book is the following : — The first chapter 
contains a sketch of the steam engine as it existed in the 
time of Watt, together with an account of the ideas then 
prevalent as to the nature of heat, and concludes with a 
summary of some physical properties of steam. The 
second and third chapters are occupied by an investigation 
of the principles of the modem theory of heat in its appli- 
cation to the steam engine. Then comes a chapter on the 
conversion of motion, which deals with certain salient 
points in the mechanism of an engine. The fifth chapter 
is mainly devoted to the expansion of steam, to the action 
of valves, and to the application of Watt's indicator. The 
sixth chapter treats of boilers and the consumption of fuel. 
The seventh chapter is on compound cylinder engines, 
and is illustrated by some drawings of the engines con- 
structed by Messrs. Maudslay, Sons, and Field for the 
White Star line of mail steamers making the voyage be- 
tween Liverpool and New York. Finally, there is a chapter 
on miscellaneous details, such as steam-engine governors, 
Gifiard's injector, the link motion, modem valve gears, and 
valve diagrams. The part relating to the steam engine 
contains also an Appendix, with a series of examination 
.questions and answers. There is in the present edition a 
Supplement on Gas Engines, and Part II., on Heat 
Engines. 

T. M, GOODEVE. 
5, Ckown Office Row, Tbmplb: 
November^ 1890. 
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ON TH£ 



STEAM-ENGINE. 



CHAPTER I. 

THE STEAM-ENGINE AS VIEWED UNDER A KNOWLEDGE OF 
THE DOCTRINE OF LATENT HEAT. 

This treatise is intended to prepare the way for a complete and 
extended study both of the theory and practice of the steam- 
engine. We premise that there is much introductory matter 
which the student should consider and arrange in his mind 
before he can hope to grapple successfully with the difficult 
questions which occur in practice ; and the mode of treatment 
herein adopted is to be taken, not as something sufficient in 
itself, but rather as an indication of the points wherein existing 
books on the subject may with advantage be supplemented. 
The nature of the work will soon become apparent to those 
who take it as a guide in this particular branch of study. 

It is only within the last thirty years that a knowledge of the 
principles of the mechanical theory of heat has influenced the 
practice of those who are engaged in improving the construction 
of the steam-engine, and in seeking to obtain from it a larger 
amount of useful work with a given expenditure of fuel. The 
student of mechanics will do well to look backward into the history 
of scientific discovery, and he should endeavour to trace the pro- 
gress which has accompanied each successive step in our conipre 
hension of the real nature of that origin of force which we call heat 

B 



2 Tfu Steam-Engine, 

Living at the present day, he finds himself face to &ce with a 
novel conception, which has struggled into life by slow and almost 
insensible degrees, but which appears to be accepted with the 
same degree of confidence as that accorded to Newton's theory of 
universal gravitation. True it is that the new doctrine, which is 
recognised under the name of the dynamical theory of heat^ has 
not come upon scientific men in the complete and startling 
manner in which Newton announced his great discovery; but al- 
though its development has been gradual, its applications are 
almost universal, and we are ever finding it a guide to valuable 
results which would probably have remained undiscovered were it 
Lot that a new impulse had been given to our thoughts. 

This chapter is devoted to an account of the progress of the 
steam-engine, under a perception of the doctrine of latent heat, and 
extends only to the period of Newcomen and Watt, when the state- 
ment that heat was a material substance was almost universally 
accepted as being true. In pursuing still further, through sub- 
sequent chapters, the progress of improvement and discovery, we 
shall gradually develop the application of that mechanical theory 
which has displaced all others, and has become the foundation on 
which the whole fabric of physical knowledge is built up. 

It appears that in the year 1757 Black commenced a course of 
lectures in the University of Glasgow, and at that date the ac- 
cepted opinion on the subject of the liquefaction of any substance 
(say, for example, ice) by the agency of heat was the following : — 

A certain quantity of heat being competent to raise the tem- 
perature of a mass of ice from 31** F. to 32° F., the same quantity 
of heat would be competent to melt the ice completely and to 
produce an equal weight of water at 33° F. In other words, the 
rise of the thermometer revealed the entrance of heat into the 
melting body, and gave an exact measure of the quantity so 
entering and combining with its substance. 

This was the statement propounded in the schools at the time 
referred to j and, in respect of congelation, it was supposed that 
the inverse process was a simple undoing of that which had been 
done before, whereby water lost no more heat when passing into 
ice than that indicated by the fall of the thermometer. 

Black was. however of opinion that when a solid substance 
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jucL as ice, changed into a liquid, it received a much greater 
quantity of heat than that perceptible immediately afterwards by 
the application of a thermometer ; and he performed an experi- 
ment which not only established his conclusion, but also gave him 
a measure of the excess of heat required to cause liquefaction in 
a solid substance. 

black's doctrine of latent heat. 

The object being to estimate the amount of absorption of 
heat into melting ice, and the conceahnent of it in water. Black 
selected two thin globular glasses, A and B, each about 4 inches 
in diameter, and very nearly of the same weight. Into A he 
poured 5 ounces of pure water, which he congeaJed by a freezing 
mixture of snow and salt, and after allowing the glass to stand for 
a few minutes until the ice inside was beginning to melt and the 
temperature of the surface had risen (in his estimation) to 33° F., 
he suspended A by a slender wire in a large empty hall, the air of 
which remained at a uniform temperature of about 47® F. through- 
out the experiment 

In like manner he poured into B exactly 5 ounces of water 
previously cooled as nearly as possible to 33° F., and after placing 
a very delicate tliermometer therein, he suspended this latter vessel 
at a distance of 18 inches from A. 

At the end of one half-hour the water in B rose to 40® F., but 
it was not until a lapse of ten and a half hours that the water in A 
arrived at the same temperature, and that the whole of the ice 
became practically melted, the residue being a very small spongy 
mass which was disregarded. 

Black reasoned, according to the scientific language of that 
day, somewhat as follows : — ^The external heat is entering the 
water-glass with a certain celerity whereby it has received 40-33 
or 7 degrees of heat in one half-hour ; the external heat is entering 
the ice-glass under similar circumstances, and the heat received by 
the ice-glass in twenty-one half-hours is 21 x (40-33) or 147 degrees. 
This is a quantity of heat which, had it been added to the liquid 
water, would have directly raised its temperature by a correspond- 
ing* amount No part of this heat, however, appears in the water 
except, at the utmost, 40-32 or 8 degrees, and the inference i0 

B 2 



4 The Steam-Engine, 

that the remaining 139 or 140 degrees have been absorbed by the 
melting ice and are concealed in the water into which it has been 
changed. 

The expression ' a degree of heat ' was here used as meaning 
that which is properly called a ^unit of heat^ and which cannot be 
defined until the theory of heat is explained. The student \r^ 
find the whole matter set forth in the second chapter ; at present 
he should regard heat as something measurable as to quantity^ 
although not a material substance, a thing apparently impossible at 
first sight, but hereafter shown to be entirely reasonable. At this 
stage he should be careful to avoid the use of the word ' degree ' 
except as applied to temperature. As a general rule, it is wrong 
to estimate quantities of heat by degrees of temperature. 

For a definition of temperature we refer to Mr. Maxwell 

Def : — The temperature of a body is its thermal state con- 
sidered with reference to its power of communicating heat to olhei 
bodies. 

For a definition of latent heat take the followmg : — 

Def : — Latent heat is the quantity of heat which must be com- 
municated to a body in one given state in order to convert it into 
another state without changing its temperature. 

In like manner it was taken for granted that after a body is 
heated up to its vaporific point, nothing further was necessary than 
the addition of a little more heat in order to change it into vapour, 
but Black disproved this notion by a series of experiments, whereof 
one is recorded as having been made on October 4, 1762. 

Into each of two flat-bottomed tin-plate vessels, about 4 or 5 
inches in diameter, he poured the same quantity of water at a tem- 
perature of 50''. The vessels were placed on an iron plate, nearly 
red-hot, under which a fire was burning, and the water in each 
began to boil after an interval of four minutes. In twenty minutes 
more the whole of the water had boiled away ; and since it had 
gained (in the imperfect language of that day) 162 degrees in the 
first four minutes, or 40^ degrees in one minute, and since tlie tem- 
perature of the steam was no higher than tlut of the boiling water, 
the experiment showed that 20x40 J or 810 degrees of heat had 
been absorbed by the water and carried off by the steam. This 
result is not accurate, for the sources of error are numerous, but 
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the exi)eriment induced more careful investigation, and it is now 
generally taken that 966*6 units of heat become latent when one 
pound of boiling water is converted into steam. 

Another illustration is thus described by Black : — 

* I have put a lump of ice into an equal quantity of water 
heated to the temperature of 176° F., and the result was that the 
fluid was no hotter than water just ready to freeze.' 

Assuming this to mean that the ice in melting cools the hot 
water down to a temperature of 33° F., we should have 176-33 
or 143 as the number of units of heat on the Fahrenheit scale 
which became latent during the liquefaction of one pound of ice 
at 32** R This number expresses the latent heat of liquefaction 
in the case of ice. 

Even at the present day the writers on heat are not in agree- 
ment as to the measure of the latent heat of the liquefaction of ice. 
Tyndall assigns the number 143, Balfour Stewart adopts 142, and 
Maxwell 144, as the number of units of heat on the Fahrenheit scale 
which become latent in the passage of i lb of ice at 32** F. into 
water at the same temperature. 

It appears, therefore, that heat becomes latent when a sub- 
stance undergoes a change of consistence, that is, when it passes 
from a solid into a liquid state, or from a liquid state into one of 
vapour. Hence we speak of the latent heat of fusion, and of the 
latent heat of evaporation. But heat disappears under other 
conditions, as will be explained, and accordingly it becomes neces- 
sary to refer to the disappearance of heat during expansion as 
well as during certain chemical changes. The doctrine of latent 
heat, so far as it is material at present, relates only to the cases 
of liquefaction and evaporation. 

THEORY OF HEAT AT THE TIME OF BLACK. 

In order to prepare the way for the first great discovery in the 
steam-engine, we should carefully consider the view which Black 
himself entertained as to the nature of this thing called heat which 
became latent during the conversion of ice into water or of water 
into steam. 

To us, at the present day, while profiting by the light of the 
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knowledge everywhere existing, it seems incredible that anyone 
who thought on the subject could have seriously entertained any 
doubt but that something capable of being measured as to its 
quantity was really passing from the furnace into the boiler of an 
engine during the whole time that the water was being converted 
into steam. Any such erroneous notion as the measurement of 
quantities of heat by a thermometer was swept away at once and 
for ever by Black's experiments ; but nevertheless it is a remark- 
able thing to find that the very men who became the leaders in a 
new advance of scientific research should have embraced theo- 
retical views as to the agency of heat which in their turn barred 
the way to all true progress. 

The doctrine of latent heat was made transparently dear by 
the facts just referred to, but the question as to what heat really 
was received a most unsatisfactory solution. For the present pur- 
pose it is unnecessary to refer to the arguments by which the so- 
called material theory of Juat^ or the doctrine of caloric^ was sup- 
ported. 

It may here suffice to state the view entertained by Black and 
those who followed m his steps, viz., that heat is a subtle elastic 
fiuid termed caloric^ which surrounds, as by an atmosphere, the 
grosser particles of all material bodies ; the atoms of caloric being 
so much smaller than those of matter, that each material particle 
may be conceived to be surrounded by a large number of them. 
Further, the atoms of caloric have a strong repulsion for each 
other at the same time that they attract the particles of matter. 

In other words, heat is an indestructible, elastic, gaseous fluid, 
which weighs nothing, which insinuates itself into the pores of 
bodies, causing them to expand and dilate, which combines with 
bodies so as to become latent when they pass from a solid to a 
liquid state, or from a liquid into a vapour, and which reappears 
when the passage is reversed. Just as certain gases are absorbed 
and become fixed in bodies, so this subtle fluid of heat enters into 
every form of matter, and causes repulsion by reason of the 
property that its own particles are self-repulsive and not attrac- 
tive. In this way the repulsion due to the heat fluid separates 
the particles of ice till it becomes water, and still further drives 
asunder the particles of water till it passes off as steam or vapour. 
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At the time of Watt, when the advantage of using high-pressure 
steam came to be discussed, the absorption of heat in generating 
steam was thus regarded, and it was said : ' Highly elastic steam 
requires as much more heat for its formation as it is more elastic ; 
for it is, in fact, only a greater quantity of heat and water crowded 
into a smaller space. Hence, any greater power that it possesses 
will be obtained by a proportionately greater expenditure of heat' 

The conception that heat was a fluid received all possible 
adornment at the hands of mathematicians, as in Kelland's theory 
of heat, A.D.' 1837, which was a text-book at Cambridge down to 
the year 1849, or even later. In this work the statement on the 
first page is that * the popular (probably the correct) idea attached 
to heat or caloric is that of a subtle fluid emanating from hot 
bodies and entering between the particles of colder ones.' 



savery's engine. 

Art. X. We pass on to review the invention of steam-engines as 
preceding and accompanying the discovery of the doctrine of latent 
heat, and we prefer to begin with an account of the invention of a 
steam-engine which was the subject of letters patent, bearing date 
July 25, 1698, and granted to Thomas Savery. An account of 
this ' engine to raise water by fire ' was set forth by the inventor in 
a treatise called * The Miner's Friend.' A cheap reprint of the 
paper, together with facsimile copies of Saver/s drawings, can be 
obtained at the Patent Office. 

In a letter addressed to the ' Gentlemen Adventurers in the Mines 
of England ' the patentee says that he should never have pretended 
to any invention by the old causes of motion, but that he ' had 
happily found out this new, but yet much stronger and cheaper, 
force or cause of motion than any before made use ofl' Then 
he points out the advantages of the new method, and makes one 
observation which gives an idea of mechanical construction at that 
time : * As for pump-making, that part of the trade will be much 
improved by my engine, for I must use board and timber for 
pipes, and have considerable employment for pump makers and 
carpenters for timber used about my engine. . . . For my design 
b not in the least to prejudice the artificers, or, indeed, any other 
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sort of people by this invention, which on the contrary is intended 
for the benefit and advantage of mankind in general.' 

Coming after the discovery of the law of atmospheric pressure, 
Saver/s engine was based on the principle of the barometer, the 
action being that water was forced upwards into an empty receiver 
by atmospheric pressure, and was afterwards carried to an ad- 
ditional height by the pressure of steam. 

The arrangement and operation of its working parts will be 
understood from an inspection of fig. i, which is a diagram show- 
mg the principle of the engine without giving the details of its 
construction. Steam is generated in a boiler a, and passes into a 
receiver b, which communicates with a pipe h k leading from 
some water below the level of the apparatus to a reservoir overhead. 
At E and d are two clack valves, each opening upwards, and f is 
a tap for throwing cold water on the receiver. 




The action is the following : — ^The stopcock c, which admits 
steam from the boiler into the receiver, is opened, and the rush of 
sleam expels the air from b by driving it upwards through e. Then 
F is opened and c closed, while a jet of cold water is allowed to 
play upon the outside of b, thereby condensing the steam to a 
great extent and lowering the pressure of the vapour in b. The 
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pressure of the external air at h presently forces a quantity of 
water up the pipe h and through the valve d, whereby the receiver 
becomes nearly filled with water. Steam is again admitted into 
the receiver and forces out its contents through the valve e. The 
tap F is opened with the same result as before, and the action is 
renewed. A drawing which shows the general appearance of the 
engine and the mode of applying it to the draining of a mine, is 
to be found in * The Miner's Friend/ There are two receivers, 
each similar to b, the object being to force water out of one vessel 
while the other is being filled, and thus to render the flow con 
tinuous. The boilers and receivers stand upon a stage which ap- 
pears to be some 20 or 25 feet above the level of the water, while 
the height of the overflow may be 30 or 40 feet above the boilers. 

A tiial of Saver/s engine, as made at Manchester in 1774, is 
recorded by Smeaton. 

The receiver was a cylinder, 2 feet in diameter and 7 feet high. 
The engine delivered water at a height of 19 feet above the surface 
of a well, and made 7^ strokes per minute, each stroke filling the 
receiver to a height of 6 feet. The work done was the raising of 
i8| cubic feet of water per stroke through a height of 19 feet, 
which was equivalent to raising 136 cubic feet per minute to the 
same height The consumption of coal was 32 cwt in 24 hours, 
or about i| bushels of 84 lbs. per hour. Each bushel of coals 
would therefore raise about 5^ millions of pounds through one 
foot. This is less than one-tenth part of the work performed by 
a modem pnmping-engine. 

The loss of heat was enormous. First, there was the conden- 
sation of a quantity of steam, consequent upon its coming in 
contact with the cold water about to be driven out by it No 
doubt this action would speedily come to an end, because a layer 
at a boiling temperature would form upon the surface, and the 
bad conducting power of water would prevent this layer from 
extending to any depth, but in the mean time a considerable waste 
of heat took place. And secondly, during the expulsion of the 
contents of the receiver additional surfaces of cold metal would 
be continually presented which would cause condensation, the 
neat so absorbed being entirely wasted. The principal defect, 
namely, the alternate heating and cooling of the receiver, remain^ 
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micorrected and clung to the engine through all subsequent stages 
of modification and improvement until the invention of a separate 
condenser in the year 1769. 

THE PRESSURE OF STEAM FROM WATER BOILING IN THE OPEN 
AIR IS EQUAL TO THE PRESSURE OF THE ATMOSPHERE. 

2. There are many simple experiments for showing that the 
pressure of steam from water boiling in an open vessel is equal to 
the pressure of the atmosphere. 

I. — A cylindrical vessel with flat ends, made of tin-plate, 
say 5 inches in diameter and 10 inches long, has a stopcock fitted 
at the top. A small quantity of water is poured into the cylinder, 
and made to boil by the heat of a lamp. As soon as steam issues 
freely firom the stopcock, the tap is closed and the vessel is ex- 
posed to a jet of cold water ; this condenses the steam, whereby 
a partial vacuum is formed within the vessel, and the atmospheric 
pressure causes its sides to collapse and to flatten together with 
considerable violence. 

The explanation is that the steam displaces and drives out 
the air — ^just as it cleared the air from the receiver b in the 
Savery engine — but supplies a pressure undistinguishable firom 
that of the atmosphere, which pressure continues until conden- 
sation takes place. 

2. — ^Another experiment, very easy of performance, gives the 
young student an insight into some fundamental properties of 
steam. 

A glass flask, a, about 4 inches in diameter, is partly filled with 
water and placed over the flame of a lamp, 
c D is a bent glass tube, one leg of which is 
open and pas&pq rhrough a cork in the neck 
of the vessel, while the other terminates in a 
fine orifice and dips into a beakei' of cold 
water. 

First, let the open end of the tube in a 
be raised above the level of the water. 

On applying heat, bubbles of air continue 
• *• to escape into b j this shows the expansion 

of air by heat as well as the displacement of it by the vapour of 
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water. The bubbling of the air in b goes on until the water has 
been boiling some little time, the steam which is carried over with 
the air being condensed in the tube itself ; but presently no more 
air escapes and a loud cracking noise indicates the escape and 
coDdensation of the steam at the orifice. 

The next thing to be noticed is the rise of temperature of the 
water in b. It may easily be arranged that the water in b shall be 
caused to boil by tiie condensation of the issuing steam, and then 
we have the water boiling in both vessels. This result was 
observed by Watt and caused him to consult with his friend Dr. 
Black as to the correct explanation of it. 

Secondly^ press the tube further into a until the end dips below 
the level of the water, and remove the beaker. It will now be 
seen that the water rises up the tube and begins to travel along 
c D. By withdrawing the lamp and again applying it, the end of 
the column of water may be made to move to and fro along c d, 
thereby indicating the delicacy of balance between the pressure of 
the steam in a and the pressure of the atmosphere outside the 
vessel 

Finally, replace the beaker, and the water can be passed from 
B to A or from A to B at pleasure. 

SAVERV'S ENGINE INADEQUATE FOR DRAINING MINES. 

3. In considering the practical working of Savery's engine it is 
necessary to remember that although water could be raised through 
a height of 20 feet or thereabouts into the receiver by simple 
atmospheric pressure, there would still remain the task of forcing 
it to the top of the mine, and for this purpose a supply of steam 
would be required at a pressure proportionate to the height of the 
column of water lifted, every additional 33 feet of water demand- 
ing an increased pressure of 15 lbs. on the square inch, which 
again would require to be supplemented to the amount of 5 or 4 lbs, 
in the boiler in order to overcome loss by cooling, condensation, 
and friction. 

The main obstacle to the application of the apparatus on a 
large scale would be found in the boiler. How was a vessel to 
be constructed which should support with safety an internal burst- 
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ing pressure some t\vo or three times greater than that of the 
atmosphere ? The practical difficulties connected with the con- 
struction and form of boilers will be discussed in a separate chapter, 
and here it may suffice to refer to Mr. Bramwell (* Lectures on the 
Steam-Engine '), who remarks : — * It is by no means surprising that 
the mechanical skill and appliances of that time were unable to 
cope with the demands made upon them, and that pipes, joints, 
and cocks leaked and gave way,' whereby it became impossible to 
make a good working engine for mines. 

A pumping apparatus on Savery's principle was thus inadequate 
to the wants of mining engineers, and the problem of adapting the 
power of steam to the lifting of water through considerable heights 
yet remained open for solution. It was speedily mastered by the 
inventive genius of Newcomen, whose engine, improved and altered 
and remodelled by Watt, has yet remained to the present day as 
the representative type of a single-acting pumping engine. 

newcomen's invention of the atmospheric engine. 

4. It appears that about the year 17 10, Thomas Newcomen, 
ironmonger, and John Cawley, glazier, of Dartmouth, in the county 
of Devonshire (whose names are associated as the makers of the 
first engine which worked a pump), made several experiments in 
private, and in the year 1712 put up at Wolverhampton an engine 
which acted successfully. The progress made was very rapid, 
and it is recorded that in the year 1737 there was a pumping 
engine of the Newcomen construction working a succession of 
pumps each 7 inches in diameter and 24 feet apart, and making 
6 feet strokes at the rate of 15 per minute, whereby water was 
pumped from cistern to cistern throughout the whole length of a 
shaft 267. feet deep, by steam at or near the atmospheric pressure. 
Nothing can show more clearly the remarkable character of 
Newcomen's invention than a statement of these numbers, but it 
remains to set forth the exact principle as discovered and applied. 

It would seem that improvements connected with tlie steam- 
engine have followed closely upon those made in connection with 
enquiries into the nature and properties of air. As pointed out 
by Mr. Scott Russell in his excellent work on the steam-engine, 
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Saver/s idea was nothing more than an application of the discovery 
of the law of atmospheric pressure ; and in Hke manner Newcomen 
might well have been a pupil of Ottt> von Guericke, and might 
have claimed merely to have put to a practical use one of the 
earliest experiments on the power of an air-pump. As a matter 
of fact it is very probable that Newcomen worked out the problem 
quite independently of any previous knowledge of what had been 
done by Otto von Guericke, but in collating the history of inven- 
tions it is impossible to lose sight of the various steps made in one 
common direction. The most striking early experiment with the 
air-pump was the cohesion of two hemispheres known as the 
Magdeburg hemispheres, but there was another illustration nearly 
as remarkable, which was the following : — 

A vessel of copper made truly cylindrical was fitted with a 
piston 8 inches in diameter, which allowed no air to leak roimd it. 
The piston was attached to a rope passing over a pulley above the 
cylinder and carried on one side so as to run over a second pulley 
before being attached to a heavy weight. When the trial began 
the weight was on the ground, and the piston was at the top of 
the cylinder. A boy then pumped out the air from the bottom of 
the cylinder by means of an air-pump, and the result was that the 
pressure of the external atmosphere on the movable piston forced 
it down and lifted the weight 

The work here done by the air-pump could be accomplished 
equally well by steam. The exhaustion of the cylinder might be 
effected by a jet of steam, which would displace the air within, 
and supply a pressure equal to that of the atmosphere. Upon 
condensing the steam the cylinder would be exhausted even more 
completely than by the mechanical action of an air-pump, and the 
piston would be forced down just as in the previous experiment 

Instead, however, of lifting a weight by a chain passing over a 
pulley, Newcomen employed a beam and gave us the type of 
modem beam engines. The object in view was to pump water 
out of a mine, and the arrangement for doing it was to hang the 
pump rods at one end of a strong beam centred on its middle 
point, and to hang the piston of a steam cylinder at the other end 
of the beam. The condensation of steam in the space below the 
piston produced a vacuum, and the piston was forced downwardi 
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by the pressure of the atmosphere. The descent of the piston at 
one end of the beam caused the rise of the pump rods at the other 
end, and thus the atmosphere was continually exerting a mighty 
force in pulling down one end of the beam against the drag of the 
pump rods. As soon as steam was readmitted under the piston 
the pressures on its upper and under surfaces were balanced, 
whereby the weight of the pump rods caused them to descend and 
carried the piston to the top of the cylinder. This was the general 
plan of the engine, and it is said that a beam was indispensable, 
for there was at that time no special machinery for boring out 
cylinders, and the packing of a piston so as to make it steam-tight 
was most easily effected by a layer of water lying on the top 
thereof. In order to use this water-packing the cylinder was of 
necessity vertical, and the pumps did their work as the piston de- 
scended. It will be seen that the leakage would be trifling during 
the ascent of the piston, at which time the pressure of the steam 
balanced that of the atmosphere, and that on the descent of the 
piston or during the condensation, the leakage might be consider- 
able, but it would do no harm but rather good, as the water passing 
into the cylinder would help to condense the steam. A story is 
told to the effect that in putting up his first engine, Newcomen in- 
tended to condense the steam by dashing cold water on the out- 
side of the cylinder, and was surprised to find the engine make 
several strokes and very quick together ; on searching he found 
that the piston leaked so much as to allow a quantity of cold 
water to pass to the inside of the cylinder, and thereby to condense 
the steam. This led to the use of a jet condenser as it is called, 
that is, a jet of cold water thrown in a spray into the interior oif 
the cylinder itself. 

DESCRIPTION OF NEWCOMEN's ENGINE. 

5. The general arrangement of Newcomen's engine is shown 
m the diagram. A piston p, movible in the steam cylinder a, 
was attached by a chain to one segmental end of the working 
beam, the pump rods r being hung by a chain at the other end. 
The boiler b was directly under the cylinder, and a plate or 
regulator valve k admitted the steam thereto. Towards the 
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bottom of the cylinder was a small pipe terminatiug in a clack 
valve n, called a snifting valve, which opened upwards. A pipe 
E F leading to a cistern of water overhead was fitted with an 
injection-cock e, and there was an eduction or waste pipe l m ter- 
minating in a small cistern, and having at its end a clack valve m 
immersed in water and opening upwards. The drawing also 




Fig. 3. 

shows a vertical rod h g, called a plug rod, which was employed 
for working the valves, but no attempt is made to indicate the 
manner in which the connections were made. There was also a 
small pump t which raised water into the cistern above f, the pipe 
connecting t with the cistern not being shown. 

The weight of the pump rods was greater than that of the 
piston, and acted as a counterpoise to keep it at the top of the 
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cylinder unless brought down by external pressure. In order to 
work the engine, the pressure of the steam in the boiler should be 
at least i lb. per square inch in excess of that of the atmosphere, 
and the reservoir should be several feet (usually lo to 12) above 
the bottom of the cylinder, whereby a strong jet of injection 
water would be thrown in. The piston being, as above stated, 
at the top of the cylinder, the steam regulator k was opened and 
the entering steam cleared out all air from the space a, and drove 
it through the valve d. The injection-cock e was then opened, 
whereby the injection water entered the cylinder, slowly at first, 
but with great force afterwards, as the condensation went on and 
the pressure of the enclosed vapour was reduced to ^ or J that of 
the air outside. The injection-cock was provided with a hammer 
weight to ensure its opening quickly. The condensation of the 
steam took away the pressure from the lower surface of the piston, 
and there being nothing to balance the pressure of the atmosphere 
on its upper surface, the piston descended and lifted the pump 
rods together with the column of water resting upon the buckets. 
In this way the down stroke of the piston, technically called the 
^indoor strokty was completed. 

The ascent of the piston in making the return or ' outdoor ' 
stroke was effected by closing the injection-cock e, and opening 
the regulator k so as to admit a fresh supply of steam. The 
waste injection water at the bottom of the cylinder would cause 
some loss of the entering steam, but it would soon be expelled 
through the eduction pipe. The pressure on the lower surface ot 
the piston would be at first a little greater, and afterwards about 
equal to that of the atmosphere, and hence the weight of the 
pump rods would carry the piston to the top of the cylinder. 
The injection-cock would then be opened and the action would 
go on as before. 

6. The following example of the working of a small Newco- 
men's engine is given by Farey, and demonstrates its superiority 
over Savery's contrivance. It is said that the original engine put 
up at Wolverhampton had a cylinder 23 inches in diameter with 
a 6 feet stroke, and made 15 sirokes per minute when worked by 
hand, or 12 strokes when made self-acting, and the dimcnsiona 
now about to be given are nearly identical with these. 
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ExAMPi^. — Diameter of cylinder=24 inches, arca=452 square 
inches. 

Pressure of atmosphere=i4j lbs. 

Pressure of residual vapour in cylinder at temperature of 
140** F. to 160*" F.=4 lbs. suppose. 

.•. effective pressure on piston =io| lbs. 
Here the pump was of 8-inch bore, and the lift 54 yards in 
perpendicular height, whence weight of column of water=3,535 lbs. 
Taking the pressure on piston at 7*8 lbs., we have 452 x 78 
=3,525, and therefore a pressure of 7*8 lbs. will about balance 
the weight of the water lifted, leaving the difference to raise the 
counterpoise and overcome the friction of the engine. 

Let the stroke of the piston be 5 feet, and the number of 
strokes 15 per minute. 

.*. Work done=3535 x 75 foot-pounds=265,i25 foot-pounds. 
Adopting Watfs estimate that a horse can raise 33,000 lbs. 
through one foot in one minute, we have the horse-power of the 
engine 

= »A5dlS = 8 nearly. 
33»ooo 

Also the quantity of water raised per minute is equal to 26*1 
cubic feet, which is 1,566 cubic feet per hour. 

7. A singular fact is observed in the working of the engine, 
namely, that at the beginning of the * indoor ' stroke the cylinder 
is heaved upwards with a jerk. In a large engine the weight of 
the cylinder will not counterpoise this upward action, and accord- 
ingly massive beams are built into the wall of the engine-house 
in order to hold the cylinder securely in position. 

The lifting of the cylinder is caused by the immediate con- 
densation of steam when the injection water is first admitted, and 
affords a remarkable illustration of the rapidity with which the 
steam loses its elastic force in the presence of a colder body. 
The pressure is instantaneously relieved, but there is a small 
interval of time, probably from ^ to ^ a second, before the inertia 
of the pump rods and of the water column is overcome, and the 
piston begins to move. During that interval the pressure of the 
atmosphere on the piston and on the base of the c) limier tends 
to bring them together, and whichever can move first will do sa 

C 
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Usually it is the piston which moves, but during the small interval 
while the piston is held immovable by the inertia of the pump 
rods, the cylinder would be pressed up to meet the piston unless 
it were restrained, and hence the necessity of the precaution 
rtferred to. 

As regards the height of the cistern for the supply of injection 
water, it was usually 12 feet for an engine of 6 feet stroke, but 
was raised, in some of the largest engines, to 24 or 36 feet 

8. The construction of the Newcomen engine was greatly 
improved by Smeaton, who designed and erected an engine for 
the Cliase-Water mine, in Cornwall, which had a cylinder of 72 
inches in diameter, with a 9 feet stroke, and worked up to 76 
horse-power. 

The whole structure was on an unexampled scale at that time, 
and it may be interesting to point to one or two matters of detail 
Thus the cylinder weighed 4 tons 16 cwt, and was 10^ feet long. 
Tlie piston was in the form of a fiat circular dish dd inches in dia. 
meter and i^ inch thick, the edge of the dish being raised so as to 
form a vertical rim 5 inches high. Underneath the iron dish was 
a planking of wood 2^ inches thick, bolted on by a number of 
bolts, and forming the actual stearatight packing. The planking 
was surrounded by a hoop of iron \ inch thick and 2\ inches 
broad. There were three columns of pumps, each 16 J inches in 
diameter, and 17 fathoms in length, making a total lift of 51 
fathoms. The weight of the column of water in the pumps was 
estimated at 14 tons. The load on the piston was *]\ lbs. per 
square inch. The great beam was 27 feet in length, and was 
made up by bolting together 20 balks of timber, the four nearest 
the central line being 12 inches square, and the remainder being 
6 by 12 inches. There were three boilers, each 15 feet in dia^ 
meter. 

This was the last effort on a system then about to pass away. 
The engine was set up in 1775, no less than six years afler the 
date of Watf s patent ; and we are told that * when erected it was 
the most powerful machine in existence. It worked for a few 
years, and was then altered by Mr. Watt to his improved system, 
which soon after superseded all the atmospheric engines in 
Cornwall, where fuel is very expensive, and the mines very deep.' 
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watt's experiments while repairing rHB GLASGOW MODEL* 

9. It now becomes necessary to enter upon a brief account of 

the great invention connected with the steam engine, and in doing 

so it may be convenient to refer to the illustration in the frontispiece. 

The engraving is from a photograph showing the present condition 

of the celebrated model of Newcomen's engine, which forms one 

of the principal mechanical treasures preserved in Scotland, and 

which was exhibited at South Kensington in the Loan Collection 

of 1876, with the following label attached to it : — ' In 1765, James 

Watt, in working to repair this model belonging to the Natural 

Philosophy class in the University of Glasgow, made the discovery 

of a separate condenser which has identified his name with the 

steam-engine.' 

We have an account of the progress of the discovery to which 
the mind of Watt was now directed in the language of the inventoi 
himself, and a very brief abstract is here given, partly in his own 
words. Watt says : — ' I set about repairing the engine as a mere 
mechanician, and when that was done and it was set to work, I 
was surprised to find that the boiler could not supply it with 
steam, though apparently quite large enough ; the cylinder of the 
model being 2 inches in diameter and 6 inches stroke, and the 
boiler about 9 inches in diameter.' 

Such small models of engines often work very indifferently, 
and Watt's next observation was that the engine required an 
enormous quantity of injection water, though but lightly loaded 
by the column of water in the pump. 

He considered that the waste of steam was caused by the fact 
that the little cylinder exposed a greater surface for condensation 
in proportion to its contents than would be found in the C}'linder 
of a large engine. Then he thought that * the cylinder of the 
model, being of brass, would conduct heat much better than the 
cast-iron cylinders of large engines (generally covered on tlie 
inside with a strong crust), and that considerable advantage could 
be gained by making the cylinders of some substance that would 
receive and give out heat slowly.' 

He next tried a wooden cylinder, well soaked in oil and baked 
to diyness, but it soon became apparent that the material was 

c a 



20 The Steam Engine, 

ansuitable, and that the proportion of steam condensed on ad- 
mission into the cylinder still exceeded that observable in large 
engines. He found also that any attempt to produce a better 
exhaustion by throwing in more injection water caused only a 
greater waste of steam. On reflection, he attributed some part of 
the diflictdty to the boiling of water in vacuo at low heats, a dis- 
covery then recently made by Dr. Cullen, whereby the water in 
the cylinder would produce a steam, capable in part, of resisting 
the pressure of the atmosphere. 

Watt was then led to experiment as to the temperature of 
water boiling under pressures greater than that of the atmosphere, 
from which it appeared ' that when the heats proceeded in an 
arithmetical, the elasticities proceeded in some geometrical ratio.' 

Being now led to examine the bulk of steam which could be 
obtained from a given quantity of water boiling under atmospheric 
pressure. Watt made the following experiment : — * Into a Florence 
flask capable of holding \*]\ oz. of water, he poiu*ed i oz. of 
distilled water, and fitted a glass tube into the flask by a steam- 
tight joint made by packthread and putty.' He goes on to say : — 
'When the flask was set upright, the end of the tube reached 
nearly to the surface of the water, and in that position the whole 
was placed in a tin reflecting oven befo^ e a fire, until the water 
was wholly evaporated, which happened in about an hour, and 
might have been done sooner had I not wished the heat not 
much to exceed that of boiling water. As the air in the nask was 
heavier than the steam, the latter ascended to the top, and expelled 
the air through the tube. When the water was all evaporated, 
the oven and flask were removed and a blast of cold air was 
directed against one side of the flask to collect the condensed 
steam in one place.' Then he weighed the flask with these con- 
densed globules in it, again heated the flask and dried it by blow- 
ing air into it with a bellows, and found the weight of the water 
to be rather more than 4 grains (estimated at 4^ grains). Also 
the flask held 17J oz. of water, or 8,220 grains. From these 
numbers it was apparent that the volume of steam was about 
r,9oo times that of tlie boiling water from which it was generated. 

Allowing for sources of error in the estimation, Watt appears 
to have considered that i cubic inch of water at 212*^ F. fcirmed 
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I cubic foot of steam at 212^ F., and at the atmospheric pressure. 
Both estimates are too large, and Mr. Maxwell gives 1,650 as 
representing approximately the number of cubic inches of steam 
at 212® F. obtained from i cubic inch of water at its temperature 
of greatest density, viz., 39'i** F. 

The next experiment was of great practical value : — A glass 
tube being bent at a right angle, one end was inserted horizontally 
into the spout of a tea-kettle and the other end was turned down- 
wards into a vessel containing a known quantity of cold water 
taken from a well The temperature of the water is not re- 
corded. 

Steam from the kettle was passed into the water until it began 
to boil, and the weight which it had then gained was found to 
be ^ part of the original weight Watt inferred that water when 
converted into steam can heat about 6 times its own weight of 
well-water to 212° F., or till it can condense no more steam, and 
he goes on to say : ' Being struck with this remarkable fact, and 
not understanding the reason for it, I mentioned the matter to 
my friend Dr. Black, who then first explained to me the doctrine 
of latent heat On reflecting further, I perceived that, in order 
to make the best use of steam, it was necessary first that the 
cylinder should be maintained always as hot as the steam which 
entered it ; and secondly, that when the steam was condensed, 
the water of which it was composed, and the injection itself, 
should be cooled down to 100° F., or lower, where that was 
possible. The means of accomplishing these points did not im- 
mediately present themselves; but early in 1765 it occurred to 
me that if a communication were opened between a cylinder 
containing steam and another vessel which was exhausted of air 
and other fluids, the steam, as an elastic fluid, would immediately 
rush into the empty vessel, and continue so to do until it had 
established an equilibrium ; and that if that vessel were kept very 
cool by an injection or otherwise, more steam would continue to 
enter imtil the whole was condensed.' Then Watt proposed to 
employ a pump to extract both the air and the water from this 
second vessel, which formed the separate condenser of the improved 
steam-engine. 

Other improvements ' followed as corollaries in quick succes- 
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sion.' Thus water packing was inadmissible, for if any water 
enteied into a partially exhausted and hot cylinder, it would boil 
and prevent the production of a vacuum. This defect he proposed 
to remedy by employing wax, tallow, or other grease to lubricate 
and keep the piston tight. Then he saw that the open mouth of 
the cylinder would admit air and cool the interior thereof, and 
he therefore proposed to * put an airtight cover upon the cylinder 
with a hole and stuffing box for the piston to slide through, and 
to admit steam above the piston to act upon it instead of the 
atmosphere.' There still remained the cooling of the cylinder by 
the external air, and this he remedied by the use of an external 
cylinder containing steam (now called a steam-jacket) surrounded 
by another of wood, or of some other non-conducting substance. 

WATl'S PATENT OF 1 769 

10. Having thus pursued the train of thought developed in 
carrying out the invention of a separate condenser, it may be use- 
ful to turn to the specification of the patent granted on January 5 
1769 to James Watt (No. 913) for* a new invented method of 
lessening the consumption of steam and fuel in fire-engines.' The 
document commences with an unfortunate sentence, viz. : — 

* My method of lessening the consumption of steam, and con- 
sequently fuel, in fire engines consists in the ic^Gmwg principles.* 

Now it is a maxim of the law that there cannot be a patent for 
a principle, and accordingly the property in an invention which . 
revolutionised the mechanical industry of the whole world was 
nearly shipwrecked on the technical objection that the method 
claimed was a principle and not a manufacture ; and it was only 
afler a long struggle that the question was determined in favour of 
the inventor. The Court of Common Pleas was unable to arrive 
at any decision, but the objection was finally disposed of by the 
strong common sense of Lord Kenyon, C.J., who observed ; — * I 
have no doubt in saying that this is a patent for a manufacture, 
which I understand to be something made by the hands of man.' 
An account of the proceedings in Boulton and Watt v. Bull, and 
in Homblower v, Boulton, is given in an * Abstract of Patent Cases/ 
by the author of the present treatise. 
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The specification goes on to describe the invention of the 
separatf^condenser, and shows the sense in which the word principle 
has been employed, as follows : — 

* First, That vessel in which the powers of steam are to be 
employed to work the engine, which is called the cylinder in 
common fire-engines, and which I call the steam vessel, must, 
during the whole time the engine is at work, be kept as hot as the 
steam which enters it 

* I. By enclosing it in a case of wood or other materials they 
transmit heat slowly. 

* 2. By surrounding it with steam or other heated bodies. 

* 3. By suffering neither water nor any other substance colder 
than steam to enter or touch it during that time. 

' Secondly. In those engines that are to be worked wholly or 
partially by condensation of steam, the steam is to be condensed 
in vessels distinct from the cylinders, though occasionally com- 
municating with them. These vessels I call condensers^ and whilst 
the engines are working they ought to be kept as cool as the air 
in the neighbourhood by the application of water or other cold 
bodies. 

* Thirdly, "Whatever air or other elastic vapour is not condensed 
by the cold of tlie condenser is to be drawn out of the steam 
vessels or condensers by means of p.umps wrought by the engines 
themselves or otherwise.' 

Tlie remainder of the specification is not important for the 
present purpose except towards the end, where the patentee states : 
— * Instead of using water to render the piston or other parts of 
the engines air and steam tight, I employ oils, wax, resinous bodies, 
£sit of animals, quicksilver or other metals in their fluid state.' 

There was no drawing annexed to the specification, and in this 
respect the description was imperfect 

II. It appears that in Wat^s first experimental model the con- 
denser consisted of two small pipes of thin tin-plate, each about 
12 inches long, connected at their upper ends with the steam 
cylinder and at their lower ends with a common suction pump ; 
the tubes and pump being wnoUy immersed in a vessel of cold 
water. This would now be called surface condensation. 

It further appears that the pipe condenser ^vas afterwards 



24 The Steam Engine. 

changed for an empty vessel, generally of a cylindrical shape, into 
which an injection of cold water played in the form of a jet, and 
the air-pump was enlarged in consequence of there being more 
water and air to extract This is a^-V/ condenser. 

Watt says that ' the change was made because, in order to 
procure a surface sufficiently extensive to condense the steam of a 
large engine, the pipe condenser would require to be very volumi- 
nous, and because the bad water with which engines are frequently 
supplied would crust over the thin plates and prevent their con- 
veying the heat sufficiently quickly.' 

Portions of some such apparatus as that here referred to are to 
be found among the collection of Watt's models now preserved at 
South Kensington. 

12. The annexed drawing approaches closely to the form of 
one of the early pumping engines with a separate condenser, and 
it is introduced in order to show that a steam-jacket was an 
essential portion of the steam cylinder. Here, as in Newcomen's 
engine, the piston and pump rods were suspended by chains from 
the workmg beam, and the work done by the steam was that of 
lifting a weight AVhen the engine was at rest the piston remained 
at the top of the cylinder. 

The drawing shows a steam pipe s opening into a jacket or 
steam casing which surrounds the cylinder a, and which provides 
tliat a supply of steam shall always press down upon the upper 
surface of the .piston p. The cylinder is now completely dosed 
in, and accordingly the piston rod passes through a steam-tight 
box and packing at k, the construction of which will be explained 
in Chapter V., to which we refer for all such details. At the bottom 
of the cylinder is an eduction pipe leading into the condenser c, 
and there are two valves, e and d, the valve e opening into the 
eduction passage from the steam casing and the valve d being in 
the pipe itself. There is also an injection orifice for admitting 
cold water into the condenser, a foot valve r for preventing the 
return of any water or air after it has been drawn out therefrom, 
and an air-pump q for removing from the condenser the water and 
air which are continually accumulating. At the top of the air-pump 
chamber there is a valve N (called a delivery valve), which opens 
mto a reservoir or hot well, intended to receive the water that 
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has been warmed by condensation of the steam, and from which 
the supply for the boiler is continually being drawn. There is also 
a blow-off valve l, or valve opening outwards from the condenser, 
which corresponds to the snifting valve in Newcomen's engine. 

In setting the engine in motion the first thing to be done is to 
clear all the air from the lower part of the steam cylinder and con- 
denser, which is effected by allowing the steam to pass freely through 




Fig. 4. 



the condenser and to escape at the blow-off valve. The air being 
exx>elled, the engine can begin to move. The equilibrium valve e 
is closed, the eduction valve d remains open, and the injection 
cock is opened ; a jet of cold water now rushes into the condenser 
and creates a partial vacuum, the steam from below the piston flows 
into the condenser and is converted into water, whereupon the pres- 
sure ofthe boiler steam on the upper surface of the piston carries it 
down and raises the pump rods. When the piston reaches the 
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bottom of the cylinder the eduction valve is closed as well as the 
injection orifice, and the equilibrium valve is opened, thereby per- 
mitting the steam from the boiler to flow freely into the space below 
the piston. This equalises the pressure on both surfaces, and the 
weight of the counterpoise or of the pump rods carries the piston 
again to the top of the cylinder just as in the case of Newcomen's 
engine. All this time the air-pump is at work, removing water or 
air from the condenser, and sending it through the deliveiy valve 
into the hot well 

The principle being that nothing colder than steam shall enter 
the cylinder dining the working of the engine, the air which pressed 
down the piston in the atmospheric engine is replaced by steam 
at a pressure equal to or a little above that of the atmosphere. 
The function of the equilibrium valve is to allow steam to pass 
underneath the piston, and the condensation takes place in a 
separate vessel, The early commentators on Watt's engine (Dr. 
Robison, for example), speak with interest of the fact that * the 
cylinder may be allowed to remain hot ; nay, boiling hot, and yet 
the condensation may be completely performed.' The reason that 
this happens will be better understood when the properties of a 
vapour are discussed, but the instantaneous fall of pressure in the 
steam can hardly be accounted for without reference to the modem 
theory of the constitution of gases. 

13. In the form above described, the engine should be regarded 
as a Newcomen's engine with steam instead of air acting upon the 
piston, and provided with a separate condenser. But a material 
change was soon introduced, for it was seen that many advantages 
would arise from cutting off the free communication between the 
boiler and the top of the piston by means of a third valve capable 
of regulatmg both the periods of admission and cut off of the 
steam in the upper part of the cylinder. At the present time three 
valves, viz. a steam valve, an equilibrium valve, and an eduction 
valve, are always to be found in a single-acting pumping engine 
of Watt's construction, and as a matter of precaution a fourth 
valve, or steam regulator, is interposed just on the boiler side of 
the steam valve, being kept permanently open while tlie engine is 
at work. 

The drawing shows the arrangement of the tliree principal 
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valves in a single-acting engine of the early construction ; s is the 
i^team valve which admits steam from the boiler, e the equilibrium 
valve, D the eduction valve which opens or closes the passage to 
the condenser. 

The action is the following : — ^As before, the piston being at 
the top of the cylinder, and the air being blown out of the cylinder, 
condenser, and steam passages, the valves s 
and D are opened, and e is closed. At the 
same time a jet of cold water is admitted into 
the condenser, whereby the steam which has 
displaced the air in the interior of the engine 
is condensed and a partial vacuum is formed 
below the piston, the result being that the 
steam above the piston forces it down and 
raises the pump rods. When the piston 
reaches the bottom of the cylinder s and d 
are closed and e is opened, whereupon tlie 
steam which drove the piston down circulates 
freely on both sides of it, neither assisting 
nor retarding its motion, and tlie weight of 
the pump rods or counterpoise drags the 
piston to the top of the cylinder. The 
double movement is thus completed, and it 
will be seen that s is an independent valve which can be closed at 
any period of the stroke. 

It should be noted that the method of representing the valves 
is conventional, the object being to indicate their operation, but 
not their construction. 




GENERAL ARRANGEMENT OF THE WORKING PARTS IN WAT1''S 
SINGLE-ACTING PUMPING ENGINE. 

14. The drawing on p. 28 is inserted in order that the general 
arrangement of the engine may be placed before the student. 
It is taken from one of the series of lecture diagrams published 
by Messrs. Chapman and Hall in connection with the Science 
and Art Department, and gives a fair idea of the respective work- 
ing parts. The beam is the first thing to notice as an example 
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Fig. 6.— watt's single-acting pumping engine. 



of construction, for it is put together with a due regard to me- 
chanical principles, and presents a striking contrast to the beam 
which appears in early drawings of Newcomen's engine. 
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The beam of a modem pumping engine is, of course, no longer 
a trussed wooden beam, but it is made either of cast or wrought 
iron. By way of comparison we may refer to an example to be 
found in a pumping engine at the Clay Cross Colliery, which has 
a cylinder 84 inches in diameter, mth a stroke of 10 feet, and 
raises water from a depth of 420 feet Here the beam is of 
wrought iron, formed by two massive slabs placed side by side, 
each 2 inches thick, and 7 feet i inch deep at the middle, but 
tapering to 3 feet 4 inches at each end. The full length of the 
beam is 36J feet, and when the several parts are all put together, 
with a strong cast-iron centre piece for supporting the gudgeons, 
It weighs about 33 tons. 

In our drawing the pump terminates suddenly in a cistern of 
water, but the intention is not to follow out what is done literally, 
and the pumps at Clay Cross are combined lifling and forcing 
pumps, the water being lifted through 150 feet, and forced up the 
remaining 270 feet by a plunger. 

The valves in Watt's engine are worked by toothed sectors 
engaging with racks, a method which is represented in a drawing 
given in Chapter V. The operation of the valves is the same 
now as formerly, their construction being the only thing that has 
been varied ; and at Clay Cross the steam valve is 14 inches in 
diameter, while the equilibrium and eduction valves are re- 
spectively 12 and 18 inches in diameter. Except in matters of 
detail there is no essential difference between an early example 
of Watt's single-acting engine and the Cornish pumping engine of 
the present day. 

TBK EXPANSION OF STEAM. WATT'S PATENT OF 1 782. 

15. Referring back to Article 13, where it is stated that s is an 
Independent valve which can be closed at any period of the stroke 
of the piston, we have now to consider the consequences of closing 
the valve s when some portion only, say ^ or ^ of the stroke, has 
been completed. Under such circumstances the engine is said 
to work expansively. 

There was no such thing as the expansion of steam, either in 
Newcomen's engine or in Watt's earliest engine with a steam- 
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jacket fully open to the cylinder. In the atmospheiic engine the 
function of the steam was merely to oppose a force which should 
continuously balance the pressure of the external air, and the 
work was done while the steam was being exhausted and not 
while it was in action. In the engine with a separate crmdenser 
the case was different, for the steam did the work and everything 
was ready for expansion as soon as provision was made for it by 
the introduction of a separate valve. But without a cut-off valve 
there would of course be no expansive woi king. 

It appears that as early as 1776 Watt made experiments on 
the expansion of steam, and about that time he altered an engine 
at the Soho Works so as to test the result of an early cut-off. Other 
trials succeeded, but it was not until the year 1782 that Watt took 
out his patent for * certain new improvements upon steam or fire- 
engines for raising water, and other mechanical purposes/ and 
gave a demonstration of the economy due to expansion. 

The specification (No. 1,321) stated : — 

* My first new improvement in steam or fire-engines consists in 
admitting steam into the cylinders or steam vessels of the engine 
only during some part or portion of the descent or ascent of the 
piston of the said cylinder, and using the elastic forces wherewith 
the said steam expands itself in proceeding to occupy larger spaces 
as the acting powers on the piston through the other parts or 
portions of the length of the stroke of the said piston.' 

In other words, the steam- valve remains open tmtil some definite 
portion of the stroke of the piston has been completed, and is 
closed during the remainder of the stroke. 

In order to comprehend the effect produced we must refer to 
a law discovered by Robert Boyle in 1662, and subsequently veri- 
fied by Marriotte. It is known as Boyle's or Marriotte's law, and 
is often termed thejirst law of the expansion oC gases. 

bovle's law. 

16. The law may be stated as follows: — The pressure ot a 
portion of gas at a constant temperature varies inversely as the 
space it ocaipies. 

In order to verify this statement roughly by experiment we 
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refer to a simple apparatus consisting of two pieces of strong glass 
cube A B, c D, each about ^ inch internal diameter, and having their 
ends secured in a small metal box, f, provided with a stopcock. 
The tube ab is open at the top, and is a little more than 35 inches 
in length, while the shorter leg is somewhat over 10 inches long, 
and is provided with a cap closed by a screw-plug. A board having 
a scale graduated to inches carries the tubes, the zero of the scale 
being a little above the box, and the graduation for 10 inches 
marking the bottom of the plug, so that the space from o to 10 is 
a definite measured length of the tube c d. 

The plug at d being unscrewed so that air can enter, a little 
mercury is poured in at b, and the cock f serves to withdraw any 
excess and to bring the level of the mercury to the ^ 

zero of the scale. Then d is closed and mercury . Jji^ 

is introduced slowly at B until the level in a a 
is 30 inches in excess of that in c d. Supposing 
the barometer to mark 30 inches at the time of 
the experiment, it will now be found that the level 
of the mercury in cd is 5 inches. That is, the 
air in c D is compressed into half its volume by a 
pressure of two atmospheres. In this way the law 
may be approximately verified ; and the important 
thing to be noticed is that it does not hold unless the 
temperature of the enclosed air remains unchanged. 
This is an imperative condition. 

Note — Since the pressure of a portion of gas at a 
constant temperature varies inversely as its volume, 
and smce the density of the same portion also varies 
inversely as its volume, it follows that the pressure of 
a portion of gas varies directly as its density. 

It is stated by Mr. Maxwell that this law * is not c a #. 
perfectly ftilfilled by any actual gas. It is very nearly r_|ft«^' 
fiilfiUed by those gases which we are not able to con- 
dense into liquids ; ' and moreover, that when a gas is *®' ^* 
about to pass by condensation into a liquid form 'the density 
increases more rapidly than the pressure.* 

In the year 1829 MM. Dulong and Arago carried the experi- 
ment above described to an extreme degree, for the tube a b was 
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elongated until the pressure of the compressed aii reached 27 
atmospheres. These experimenters failed to detect any deviation 
from the law laid down by Boyle and Marriotte. 



boyle's law represented by a curve. 

17. The application of Boyle's law to the expansive working 
of steam will be made more clear if we deal with a substance, such 
as air, having the same elastic properties, but which does not pass 
into liquid in the same manner. 

Suppose the case of a cylinder with a circular base, partly filled 
with compressed air, and having a 
piston capable of moving along it 
without friction. 

Take o x^ oy at right angles to each 
other, and let o x represent a line along 
which volumes are measured, called a 
lint of volumes, and oy a line along 
which pressures are measured, or a 
line of pressures. Starting with a vo- 
lume of air enclosed in the space ea, 
it is evident that the travel of the pis- 
ton represents the increase of volume 
of the enclosed air. Also, if a r be 
the pressure of the air in e a, the line 
B s will represent the pressure in e b, under the condition that 

Bs _ vol. EA OA 

AR "" vol. EB O^ 

If a sufRcient number of lines corresponding to b s be drawn 
the curve R s may be set out, and will present to the eye a series 
of changes of pressure and volume made in accordance with Boyle's 
law. But since the pressure of the enclosed air varies inversely 
as its volume, it follows that the product of the numbers repre- 
senting its volume and pressure is a constant quantity. 

That is, if o A = z/, A R = /, we have the equation 
^ z; =s a constant, 
as an anal)'tical representation of Boyle's law. It is known that 
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the equation o a x a R=a constant, represents that particular ciurve 
called an hyperbola, which may be a section of a right cone made 
by a plane parallel to its axis, the cone being of such dimensions 
that its asymptotes are at right angles to each other. Hence the 
curve R s is an hyperbola. In Chapter IV. the mode of repre- 
senting a curve by an equation is explained. 

The fundamental property of the curve of expansion, accord- 
ing to Boyle's law, is, as we have stated, that the temperature re- 
mains constant, and accordingly a name has been adopted for the 
curve which recalls at once to the mind this fact of imiformity of 
temperature. It is common to speak of it as an isothermal curve. 
The term is derived from two Greek words, and signifies a curve 
of equal temperature. 



DIAGRAM OF WORK DONE DURING EXPANSION. 

i8. The geometrical method of treating the subject of the 
expansion of a gas possesses another advantage, viz., that the 
work done by the enclosed air in forcing the piston from A to b 
is represented by the area a r s b. 

Conceive that the air in the cylinder expands from a volume 
o A and pressure A r to another volume o e and pressure b s, and 
let it be required to represent the work done during this expan- 
sion by a diagram, the temperature of the air being supposed not 
to change during the expansion. (Hereafter we shall see that this 
will not happen unless heat is supplied artificially.) Take r, x, two 
pomts in the curve r s very near to each other, and draw r m, sn 
perpendicular to o x, and suppose that the pressure of the air does 
not change sensibly during its expansion from volume om to 
volume o n. 

Since the space moved through by the piston is directly pro- 
portional to the increase of volume, it follows that the rectangle 
J w, which is the product of the pressure r m and the volume m », 
is also the product of the pressure rm and the space described 
by the piston in traversing m n ; that is, the rectangle s m represents 
work done by the air upon the piston in moving it through the 
space m n. And the same is true for each small element of the 
motion. But the limit of the sum of all such rectangles is the whole 
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area a r s b ; therefore a r s b represents the work done by the 
air upon the piston in expanding from volume o A to volume o b. 



THR DIAGRAM OF WORK DONE DURING EXPANSION. 

PATENT OF 1782 {continued). 



watt's 



19. The description of the invention of expansive working 
will now be readily understood The drawing is copied from the 
specification of the patent, and presents ^^ first published example 
of the diagram of energy as applied to a steam-engine. 

The cylinder is described as being perfectly dosed in at the 
upper and lower ends, the piston p being accurately fitted to the 

cylinder so that it can easily slide up 
and down without suffering any steam 
to pass. 1 he piston rod passes 
through an opening in the cover, 
which is made air and steam tight by 
a collar of oakum well greased, and 
contained in the box o. Near the 
top of the cylinder there is a pipe 
E to admit steam from a boiler. The 
whole cylinder is enclosed in a case 
M, M, containing steam, and there are 
also cases n, n, containing steam at 
the two ends thereof. 

The available length of the cy- 
linder being subdivided into twenty 
equal parts, numbered i, 2 ... 20, 
steam at the atmospheric pressure 
(say 14 lbs. on the square inch) is 
admitted freely, while the piston 
travels over five divisions, and is then 
shut off. Hence, at division 10 the 
pressure will have fallen to ^ x 14 lbs. 
or 7 lbs. At division 15 it will be 
^ X 14 lbs., or 4f lbs., and at division 
10 it will be ^ X 14 lbs. or 3^ lbs. 

Watt here assumes that Boyle's law applies strictly to the 
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expansion of steam. Further, the vertical divisions represent 
the travel of the piston, and the horizontal lines represent the 
pressure of the steam. The subdivisions of the steam pressure 
are noted on the diagram exactly as Watt estimated them, but 
are omitted here for want of space. They are . — 

I, I, I, I, I, '%i, 711, -625, -555. 'Soo* '454, '417, 'S^S* '357, 
•333, •3"> '294, -277, '262, -250. 

Then each of these numbers representing the steam pressures 
at the respective points i, 2, 3 . . . 20, is supposed to remain 
constant during the passage from one division to the next in order, 
and is multiplied into the number i representing the space tia« 
veiled over by the piston, and in that way a series of rectangles 
are obtained, each of which is an area representing work done. 
The addition of all the rectangles would give an area a very little 
less than that of the true diagram of work, that is, of the diagram 
set out, one side of which is the curved line in the sketch. 

The sum of all the 20 numbers enumerated is 11*562, which, 
divided by 20, gives -578, or approximately '57, as the mean 
pressure of the steam during the stroke. 

But -/^ is greater than ^, and the conclusion follows m these 
words : — * Whereby it appears that only \ of the steam necessary 
to fill the whole cylinder is employed, and that the effect produced 
is equal to more than \ of the efifect which would have been 
produced by one whole cylinder full of steam, if it had been 
permitted to enter freely above the piston during the whole length 
of its descent* 

By this explanation Watt showed conclusively that the direct 
result of expansive working was to obtain an increased amount 
of work by the consumption of a given quantity of steam. 

But the principle cannot be carried to any extreme degree, 
for the increase in the size of the cylinder, and the inequality in 
the pressure on the piston would soon present formidable difficul- 
ties. It will be necessary to recur to this subject after some 
preliminary enquiry into the principle of heat engines. Not only 
is expansive working a source of direct economy, but it is valuable 
also as a regulator, that is to say, it enables an engine to put forth 
variable amounts of power without the necessity of a permanent 
alteration in the pressure of the boiler steam. 
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It is important to observe that in the drawing of the specificar 
tioii the qrlinder has a steam-jacket surrounding its ends as well 
as its sides. The proposition in the original patent was that the 
cylinder should be kept as hot as the steam which entered it, and 
Watt was too good an engineer to enter upon a discussion as to 
the behaviour of steam when admitted into the cylinder at a total 
pressure of 14 lbs. per square inch, and at the same time to shois 
the qrlinder entirely unprotected from the cold of surrounding 
bodies. The true value of the steam-jacket will be understood 
after the next two chapters have been examined, but it may be 
permitted to say that it is unfortunate that the teaching of the 
great master should have been so soon disregarded by those who 
came after him— for example, Tredgold, in his large work on the 
steam-engine, enters into an elaborate attack upon the steam- 
jacket, which he sums up as follows : — * I hope this will be suffi- 
cient to establish the truth, that the steam-case is a useless addi- 
tion to the expense of an engine.' This was before practical men 
had taken account of the conversion of heat into work 
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20. In order to adapt the steam-engine for driving machinery 
much yet remains to be done. Something must be known of the 
first principles of the conversion of motion before the problem 
can be fully grasped, and at present it may suffice to refer to 
a double-acting engine as set forth in the patent (No. 132 1). 

Watt says : — * My second improvement upon steam or fire- 
engines consists in employing the elastic power of the steam to 
force the piston upwards, and also to press it downwards alter 
nately, by making a vacuum above or below the piston respectively, 
and at the same time employing the sieam to act upon the piston 
in that end, or exerted upon the piston only in one direction, 
whether upwards or downwards.* 

The object here is to allow the steam to enter on one side of 
the piston, while the other side is in free communication with the 
condenser. For this purpose there are four valve chests, viz. at 
A, c, B, and F. In each chest there is a valve opening upwards, 
and between the valves A and c there is a passage leading to the 
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top of the cylinder, while between b and f there; is a passage 
leading to the bottom of the cylinder. The steam-pipe k a d b 
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enables steam to enter either the top or bottom of the cyhnder, 
according as the valve a or the valve b is lifted from its seat In 
like manner by opening the valve c, the top of the cylinder is 
freely open to the condenser by means of the pipe c e f h ; and 
by openmg f the bottom of the cylinder also opens to the 
exhaust Thus, in the working of the engine a is opened for 
steam and f for exhaust, whereupon the piston descends ; other- 
wise B is opened for steam and c for exhaust, and the piston rises. 

hornblower's patent of 1 78 1. 

21. There can be no question as to the &ct that Watt invented 
the expansive working of steam, but, technically, he does not 
stand first in the records of the Patent Office, for he was antici- 
pated by a patent of Homblower for a single-acting pumping 
engine which dates from the year 1781. 

The specification of this patent (No. 1,298) is a mere statement 
of what is to be done, and rather publishes an idea than an in- 
vention. The patentee says : — 
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' I. I use two vessels, in which the steam is to act, and which 
in other steam-engines are generally called cylinders. 

' 2. I employ the steam after it has acted in the first vessel, to 
operate a second time in the other, by permitting it to expand 
itself, which I do by connecting the vessels together, and forming 
proper channels and apertures, whereby the steam shall occasion- 
ally go in and out of the said vessels. 

' 3. I condense the steam by causing it to pass in contact with 
metalline surfaces while water is applied to the opposite side.' 

We can obtain no further information from the specification, 




Fig. II. 

and the mode of carrying out the improvement b therefore 
taken firom other sources, the sketch given being a mere lecture 
diagram* 

The engine is single-acting, and works with a separate con- 
denser, after the method invented by Watt The valves A, c, 
and E are open while b and d are dosed, whereby steam fix)m the 
boiler is entering the small cylinder h, and is also escaping firom 
below the piston into the larger cylinder k, while steam fi"om 
below K is passing into the condenser. The result is that both 
pistons descend together. When they arrive at the end of their 
respective strokes the valves a, c, and e are closed while the 
equilibrium valves b and d are opened, and tlie pressure of the 
steam is thus equalised on both surfaces of each piston, which is 
all that is required for performing the up stroke. 

It will be noticed that the cylinders are of unequal length, the 
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reason being that the piston rods are attached to the same work- 
ing beam, and that the small, or high-pressure cylinder, is nearer 
to the centre of motion of the beanL 



watt's invention of the indicator. 

22. In giving evidence before a parliamentary committee in 
1829, Mr. Farey mentioned that Watt had been the first to invent 
and apply to steam-engines an instrument called an indicator^ with 
the object of determining the amount of plenum and vacuum 
formed on either side of the piston of an engine during the work, 
and further that Watt himself had kept the invention in the com- 
plete and perfect form which was essential to its successful use 
a profound secret for many years. Mr. Farey also said: — *An 
instrument fell into my hands in Russia, where it bad been made by 
some of the people sent out fi-om England with Mr. Watt's steam- 
engines. On my return to England I made one, and also showed 
several other engineers how to make such for themselves, and since 
that time every one of those persons has very greatly improved 
his practice by the light it has enabled him to throw upon tlie 
operation of steam in an engine.' 

In an appendix by Mr. Watt to Dr. Robison's ' Mechanical 
Philosophy,' it is stated that although a barometer serves very well 
for ascertaining the degree of exhaustion in the condenser of an 
engine, it is quite unsuited for testing the degree of pressure or 
exhaustion in the steam cylinder on account of the vibrations to 
which the mercury would be subjected by the rapid fluctuations 
which take place. Then Watt proceeds to describe his invention 
of an indicator^ or instrument for observing the changes of pressure 
of the steam or vapour in the cylinder of an engine. 

A cylinder, about i inch in diameter and 6 inches long, ex- 
ceedingly truly bored, has a solid piston accurately fitted to it, so 
as to slide easily by the help of some oil ; the stem of the piston 
being guided in the direction of the axis of the cylinder, so that it 
may not be subject to jam or cause friction in any part of its 
motion. The bottom of this cylinder has a cock and small pipe 
joined to it, which, having a conical end, may be inserted in a hole 
drilled in the cylinder of the engine near one of its ends, so that 
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by opening the cock a communication may be eflfected between the 
inside of the cylinder and the indicator. There is also a frame with 
a steel spring attached to it by one end, the other end being 
listened to the piston. The cylinder is open to the atmosphere at 
the top, and the piston remains at rest when the steam pressure is 
equal to that of the atmosphere, but rises or falls as the pressure 
becomes greater or less than the air pressure. The amount of the 
rise or fall will be determined by the strength of the spring, which 
must be tested, and a graduated scale together with an index at the 
end of the piston serves for measuring pressures. 

The account here set forth appears to be all that Watt made 
public, and it leaves the instrument in an unfinished state. If, how 
ever, the index at the end of the piston be replaced by a pencil, 
and a board carrying a sheet of paper be caused to move to and 
fro underneath the pencil with a motion identical with that of the 
piston of the engine but on a diminished scale, the direction of 
motion of the pencil being vertical and that of the board being 
horizontal, it will be found that the pencil traces upon the paper 
a closed curve, which is Watt's diagram of work. 

The instrument is shown in the drawing, which is copied from 

a sketch of early date, and is not 
very correct in proportion. It is 
screwed into an opening made 
in the cylinder at one end, where- 
by the steam passes through the 
cock K into the lower end of the 
cylinder, and presses upwards 
against the piston P. The piston 
rod carries a pencil r which traces 
out the diagram on a board mo- 
ving to and fro horizontally in 
the frame a b c d. When the 
pressure of the steam balances 
that of the external atmosphere 
the piston is at rest, the spring 
being in its normal position and 
Fig. 12. exerting no force to resist either 

ezteDsion or compression. If, in this state of things, the sliding 
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board be moved to and fro, the pencil will trace the horizontal 
line E F, technically called the atmospheric line. Whereas, if the 
pressure of the steam (or uncondensed vapour below the piston) 
be either greater or less than that of the atmosphere the pencil 
will rise or fall, and the curve (which is a rough copy of the diagram 
of work) will be the result of combining the motion of the pencil 
with the to and fro movement of the board. The string passing 
upwards round the pulley on ad is attached to some moving 
part of the mechanism in such a manner that the motion of the 
board shall reproduce that of the main piston, but reduced until 
the travel is limited to the breadth e f. A weight is fastened 
to a second string in order to produce the return movement of 
the board. 

Hereafter it will be explained that the curve traced out by the 
indicator pencil gives more than a mere measure of the actual per- 
formance of the engine, and that it enables us to clear up many 
obscure points connected with the construction and action of the 
working parts. 



THE PROPERTIES OF A VAPOUR. 

23. It is difficult, in writing a book of this kind, to treat every 
subject in a perfectly logical order. Strictly speaking we ought 
to begin with a complete series of definitions and experiments, 
and suppose nothing to be known until it has been explained in 
due course. If this method were adopted the chapters might gam 
in methodical arrangement but they would be mtolerably dull, and 
it seems preferable to assume a general acquaintance with things 
which every reader would know, and to enter upon a more 
complete examination at any particular stage where it would be 
useful. 

Recmring to the properties of the vapour of water, we remark 
that water gives off vapour at all temperatures, whether in a liquid 
or frozen state, and that the vapour, being a gas, has that property 
of indefinite expansion which characterises gases. It follows that 
if a small quantity of vapour be formed in a closed vessel, however 
large, it will at once expand so as to fill the whole of it, and will 
exert a pressure against the enclosing surface. 
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There are two cases to be considered — 

1. When the vapour is in contact with the generating liquid. 

2. When it is entirely separated therefrom. 

A simple experiment may be arranged for giving some insight 
into the behaviour of vapour when in contact with the generating 
liquid. 

I. Take a barometer tube, say about 33 inches long, and 
closed at one end. Fill it with clean mercury, which may be done 
by pouring in mercury nearly to the level of the open end, closing 
the end with the finger and then passing the large bubble of air two 
or three times up and down the tube. This removes all the minute 
bubbles of air which adhere to the glass, and mercury may be added 
up to about \ an inch from the open end ; then fill this empty space 
with bisulphide of carbon (a very volatile liquid), and invert the 
tube in a deep well of clean mercury, as shown in the 
diagram. The bisulphide of carbon will rise to the top 
of the tube, vapour will form in the empty space above 
the mercury, and will, by its pressure, drive down the 
column of mercury so as to shorten it considerably as 
compared with the column in an ordinary mercurial 
barometer. We have accordingly a small layer of 
liquid lying on the top of the mercury and several 
inches of apparently empty space above the liquid. 

A singular result may now be exhibited. Depress 
the tube by the finger so as to sink it in the well, or 
cause it to rise higher, when it will be found that the 
height of the column a p remains absolutely constant. 
If the tube be raised quickly the liquid begins to boil, 
firesh vapour is formed instantly, and the pressure 
Fig. 13. is kept at a constant intensity. On the otlier hand, a 
portion of the vapour passes into the liquid state when the space 
which it fills is contracted, and nothmg will alter permanently the 
height of the mercurial column except a permanent change in the 
temperature of the liquid and of the tube. 

Another experiment is instructive, as illustrating the action of 
vapour in the condenser of an engine. A glass receiver, h, from 
4 to 5 inches in diameter, with a wide neck, has a cork fitted into 
it, through which three small tubes are passed. One tube, a b c, 
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is a bent barometer tube about 36 inches long and dipping into a 
vessel of mercury at c Another is a tube, fitted with a stopcock, 
and terminating in a small glass cap, d. The third tube, e f, is 
connected with an air-pump. 

On pumping out air from the receiver 
we have an illustration of the barometer 
gauge of a condenser. The pressure of ^^' 
the air in H is diminished in the same 
proportion as that in which the mercury 
rises in b c, and by comparison with an 
ordinary barometer the exact degree of 
exhaustion can be estimated Thus, if 
the top of the scale was marked 30 inches 
and the mercuiy stood at 25 inches, it 
would be said that the pressure of the air 
in H was competent to support 5 inches of 
mercuiy. In common parlance that is 
called a vacuum of 5 inches, a phrase not 
very correctly adopted. Pour now some 
ether mto d, and open the stopcock just 
enough to allow the pressure of the ex- 
ternal air to force a little of the liquid into 
the receiver. In an instant vapour is 
formed and the mercury drops through 
several inches. The vapour of ether may ^'°- ^4- 

be then pumped out, and the mercury will rise as before, but it 
may be again as suddenly depressed by the admission of a fresh 
supply of ether. 

TTie rapidity with which vapour forms in vacuo is strikingly 
shown by these experiments, the results of which are in strict 
accordance with the known laws which regulate the behaviour 
of a vapour when in contact with the generating liquid, viz. : — 

I. Vapour exerts pressure. 

3. Vapour forms with great rapidity in an empty space, though 
slowly in air. 

3. The pressure of a vapour rises as you exalt its temperature 

4. The further formation of vapour is arrested by the pressure 
of the vapour ahready formed. 
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5. If the temperature be given, reduction of \olume causes 
lique&ction, leaving the pressure unaltered. 

6. If the volume be given, reduction of temperature causes 
liquefaction. 

24. When a vapour is formed in a closed space, and is in contact 
with the generating liquid, it is said to be saturated. That is the 
technical word for expressing its physical condition when just 
ready to yield some portion of liquid on the smallest increase of 
pressure or reduction of temperature. Thus steam at 212" F 
exerts a pressure equal to that of the atmosphere, and is called 
saturated steam^ the condition being that it is taken direct from 
the boiler without being separated at a lower temperature and 
heated up to 212* F. by subsequent treatment 

If it were so heated it would approach the condition of a 
permanent gas, and would be called superheated steam. The two 
extreme cases are those of a saturated vapour and a so-called 
permanent gas. The experiment gives an example of the former ; 
thus the vapour of bisulphide of carbon becomes in part liquefied 
rather than support an additional pressure of one or two inches of 
mercury. There is one gas which is ordinarily permanent, but 
may be liquefied by pressure without difficulty, viz., carbonic acid, 
and its properties have been investigated in a systematic manner 
by Dr. Andrews. 



ISOTHERMAL LINE FOR A VAPOUR. 

25. The behaviour of a vapour when near the point of 
saturation may be studied by the aid of a diagram. Conceive 

that a mass of vapour exists at 
a volume o n, and pressure r n, 
its temperature being above that 
at which condensation would 
begin. Conceive also that its 
temperature remains constant 
during any changes of volume 
and pressure through which it is 
about to pass. According to 
Boyle's law the expansion or contraction of the vapour, so long 
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as it possesses the properties of a gas, will be given by the curved 
line P R, Suppose, further, that when the pressure is increased to 
p M liquefaction begins. At this point reduction of volume may 
go on, but the pressure cannot be increased, and the way to express 
that feet geometrically is to carry the line P s in a direction parallel 
X,oox\ the result being that the * isothennal ' is no longer curved 
throughout, but suddenly passes into a straight line at the point 
of saturation. 

EXPERIMENTAL DETERMINATION OF VAPOUR PRESSURE. 

i6. Let us now examine the methods adopted for ascertaining 
the pressure of the vapour of water at different temperatures, both 
above and below 212^ F. 

The earliest accepted authority on this subject is Dalton, who 
pubh'shed his results in the ' Memoirs * of the Lit. and PhiL Soc, 
Manchester, in 1802 (vol. v. page 551). 

It appears, however, that Watt had obtained approximate 
results as to the vapour pressure of water while working out his 
discovery, and that his mode of experimenting was substantially 
that adopted by Dalton. 

The paper in the Manchester * Memoirs ' begins with some 
prefatory observations on the remarkable increase observed in 
the elastic force of a vapour when heat is applied directly to the 
generating liquid : — 

*By increasing the temperature of any gas a proportionate 
increase of elasticity ensues ; but when the temperature of a liquid 
is increased the force of vapour from it is increased with amazing 
rapidity, the increments of elasticity forming a kind of geometrical 
progression to the arithmetical increments of heat Thus the 
ratio of the elastic force of atmospheric air at 32** to that at 212^ 
is nearly 5 to 7, but the ratio of the force of aqueous vapour 
proceeding from water of 32** and 212® is as i to 150 nearly.' 

This striking fact being pointed out, Dalton goes on to 
describe his experiments, and states that he introduced a very 
little water into the inside of a barometer filled with mercury, 
leaving a layer of | or ^ inch of water upon the top of the 
mercurial column. The upper part of the tube was then enclosed 
in a larger glass tube, 2 inches in diameter and 14 inches long, by 
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means of two perforated corks which formed the top and bottom 
of a water chamber or hot bath enveloping the whole of the upper 
portion of the barometer tube, and wherein the water was 
maintained at a fixed temperature by means of a lamp. The 
vapour enclosed in the top of the barometer as well as the 
generating layer of liquid thus became heated at a constant tem- 
perature, and the depression of the column of mercury as com- 
pared with the column in a standard barometer showed the 
Amount of pressure exerted by the saturated vapour. 

In this way Dalton had * water as high as 155® F.' surround- 
ing the vapour tube. For higher temperatures up to 212** F. he 
modified the apparatus, and employed a tin tube 4 inches in 
diameter as a casing for the bath ; also the observation was made 
with a siphon barometer having two parallel legs, whereof one was 
enclosed in the bath, and the reading of the mercury in the leg 
outside the tin tube gave the required depression of the column as 
due to the pressure of the vapour. 

27. Dr. W. A. Miller gives the following table of the pressures 
of the vapours of several liquids estimated in inches of mercury. 
Thus it appears that at 50** F. the vapour of bisulphide of carbon 
will depress the mercurial column through 7*846 inches, a fact 
which is apparent when trying the experiment described in Art 23. 



Tempera- 
ture F. 


Ether 


Bbolphide 
ofcuton 


Water 


Alcohol 


QUof 
turpentine 


— 4 


2725 


— 


^^^ 


•131 


— 


14 


4356 


3110 


•256 


» 


32 


7-146 


5*2°! 


•182 


•501 


-082 


50 


11-278 


7846 


-361 


•948 


■090 


68 


17-117 


II 740 


•686 


1732 


•168 


104 


ii:?r. 


24-310 


2168 


5159 


•460 


140 


4371 


5874 


13776 


1-058 


176 


116-03 


79-94 


13-998 


32-00 


2408 


212 


19372 


130-75 


30-CX) 


66-33 


5-3'o 



We have seen that the condenser of a steam-engine has for 
its object the complete discharge of all steam from the working 
cylinder after it has done its work in propelling the piston. The 
degree of completeness with which this is effected will depend 
entirely on the temperature of the water after condensation, and 
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the table of pressures of the vapour of water shows at a glance 
what may be done. If ice at 32^ F. were converted by the waste 
steam into water at 32"" F. the pressure of the vapoiu: left in the 
cylinder would fall to \ inch of mercury. The temperature of 
the condensing water is, however, commonly iio^ F., giving off 
vapour capable of supporting a pressure of 2^ inches of mercury. 
If a smaller quantity of condensing water be used it will be raised 
to a proportionately higher temperature, and a less perfect con- 
densation will be effected. At 2 1 2° F. the object of the condenser 
would be entirely frustrated. 

THE TEMPERATURE OF HIGH PRESSURE STEAM RISES WITH 
ITS PRESSURE. 

28. It is well known that when water is confined in a closed 
vessel and heated, the pressure of the vapour formed therein con- 
tinually increases. The precise temperature of the vapour which 
corresponds with any assigned pressure has been a subject of care* 
ful enquiry, and an apparatus called a Marcet's boiler has been 
designed for exhibiting the relation to a class. It is 
in a form which forbids any exact determination, but 
the student may contrast it with the arrangement 
employed by Regnault, and described in Art 29. 

The apparatus consists of a small boiler, provided 
with a thermometer and a mercurial pressure gauge. 
The drawing shows the boiler containing a small 
quantity of mercury covered by a layer of water rest- 
ing upon it The mercury is intended for filling the 
pressure gauge, which is a piece of barometer tube, 
c D, open at both ends, and passing down nearly to 
the bottom of the boiler, ef is a thermometer 
about 20 inches in lengdi, whose graduations begin 
at 130 and go on to 250. A ^rge thermometer is 
chosen, in order that its graduations may be seen at 
a distance, h is a pipe provided with a stopcock. 

On applying heat to the boiler by a Bunsen burner or a 
spirit lamp Ae temperature soon rises above 212® F., and some 
mercury will ascend the tube, by reason that the pressure of the 
enclosed vapour becomes greater than that of the external air 
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The height of the column of mercury denotes the pressure of 
the vapour, and the corresponding temperature given by the 
thermometer may be observed ; thus at 230® F. we should find 
the column at a height of about 12^ ins., and so on. The eflfect of 
opening the stopcock should be noticed ; for, with a little care, it 
is easy to keep a small jet of steam blowing off without any fall in 
temperature or pressure, just as in the case of the boiler of a 
working engine, whereas, if the stopcock be fully and suddenly 
opened, the pressure and temperature drop at once, and the mer- 
cury in the thermometer very quickly falls to 212** F. 



regnault's experiments for determining the pressure of 
the vapour of water. 

29. The methods above described have been improved upon 
by Regnault, who has published a complete series of observations 
of the pressure of the vapour of water, ranging 
from -32** C. as far as 230** C. 

For temperatures below 0° C. a special ap- 
paratus is required, a description of which is 
beyond the scope of this book, while for tem- 
peratures ranging from 0° C. to 50** C. the 
apparatus shown in fig. 17, which closely re- 
sembles that of Dalton, has sufficed. 

Two barometer tubes, corresponding to 

IrI 1 1 ^ those of Dalton, stand side by side in the 

i'l'l same vessel of mercury. The tube a is a 

^ common barometer, and the tube b is also a 

barometer, but with a small layer of water 




Fig. 17. 

resting on the top of the mercury. The upper portions of both 
tubes are enclosed in a metal cylindrical vessel, filled with water, 
and provided with a glass window. The water in this vessel 
is heated by a lamp, and is agitated so as to keep the tempera- 
ture uniform throughout, while the depression of the mercury in b 
is noted by comparison with the column in a, the difierence in 
altitude of the two columns giving the amount of vapour pressure 
at the temperature of the observation. 

For temperatures above 50** C an apparatus has been con- 



The Pressure of Steam. 



49 



trived involving a special principle. The idea carried out has 
been to subject the water to the pressure of an artificial atmo* 
sphere capable of being regulated and measured with extreme 
nicety. The mercurial gauge no longer dips into the boiler, but a 
separate receiver connected with a pump is employed for produc- 
mg an artificial pressure on the surface of the heated water. 




Fig. 1 8. 

1. There is a boiler, a, placed over a furnace, and fitted with 
four thermometers for ascertaining the temperature. 

2. A condensing tube, b, is inclined upwards at an angle, and 
is surrounded by an envelope of cold water. Any steam issuing 
from the boiler would condense in this tube and drain back again. 

3. A globular reservoir of air, c, is enclosed in a vessel of cold 
water, and is maintained at a constant pressure, either greater or 
less than that of the external air, by means of a compressing or 
exhausting pump. This reservoir has a free passage through b 
into the boiler, and forms the atmosphere under the pressure of 
which the vapour is generated. 

4. A measuring instrument of special construction is used for 
determining the pressure of the air in c, and is capable of being 
read to a pressure of twenty-seven atmospheres. In the drawing a 
meTicurial siphon gauge serves to exhibit the nature of the measure- 
it 
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ment, which is the same in principle to whatever extent it may be 
carried 

By this apparatus Regnault was enabled to measure accurately 
the temperature of the vapour, and at the same time to preserve a 
nearly constant artificial pressure upon the surface of the water in 
the boiler. 

Note, — Hitherto the term 'pressure' has been us^ in its 
ordinary sense, but the word has a technical meaning, and is used 
to denote the pressure in pounds on a square inch of surface. 
When we say that the pressure of steam in a boiler is thirty 
pounds, we mean that the pressure of the enclosed gas on each 
square inch of the surface of the shell is thirty pounds. 

We append a few results of the pressures of the vapour of 
water estimated in inches of mercury at the sea level at different 
temperatures on Fahrenheit's scale, the place of observation being 
in latitude 53® 21'. Our authority is Mr. Balfour Stewart, and the 
numbers are, no doubt, of a high degree of accuracy : — 
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250 
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27478 
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212 


29898 


400 
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CHAPTER II. 

HEAT IS NOT A MATERIAL SUBSTANCE. 

30. We pass on to describe two principal attacks made upon 
the theory that heat is a material substance, and shall give some 
details of Joule's experiment for determining the numerical 
measure of work done by the expenditure of heat 

The sketch will be very brief, inasmuch as the subject matter 
is only introductory to the purpose of this volume. 

It is worthy of notice that the conception that heat was in some 
way caused by motion had been entertained before the time of 
Black, as to which it is customary to quote the following passage 
fh>m Locke's writings, where it is stated : — * Heat is a very brisk 
agitation of the insensible parts of the object, which produces in 
us that sensation from whence we denominate the object hot ; so 
what in our sensation is heat, in the object is nothing but motion.' 
This idea did not find favour with Black, who argued against the 
possibility of accounting for the phenomena of latent heat on any 
such hypothesis (' Lectures,' p. 125), in the following terms : 'Some 
persons may perhaps imagine that the heat which thus disappears 
does not truly enter into the melting ice or become combined with 
that into which it is changed. This heat is perhaps entirely ex- 
tinguished and destroyed As heat has been supposed by some 
to consist in a rapid tremor or motion of the particles of bodies, or 
of some subtle matter that is intermixed with them, those who 
choose to adopt this opinion may imagine that motion may meet 
with friction and resistance in the ice, and that a part of it maybe 
thus destroyed or the moving parts brought to rest' Then he 
combats the idea thus set up by showing experimentally that ' while 
water is congealing it is constantly imparting heat to the air with- 
out becoming cooler itself,' and he considers that tliis heat must 

sa 
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have been previously absorbed or concealed in the water on the 
last occasion of its becoming liquefied by the melting of ice. 

The mistake here made consisted in adopting a belief that the 
motion of heat could be destroyed. At the time of Newton it 
was supposed that the motion arrested by fiicton was absolutely 
lost and put out of existence. Any such idea is now entirely 
abandoned, and Black's reasoning has no application. 

By way of contrast to the erroneous statement thus laid down, 
it may be useful to lead up concisely to the modem views enter- 
tained as to the nature of heat 



COUNT RUMFORD'S EXPERIMENT ON THE PRODUCTION OF HEAT 
BY FRICTION. 

31. A first overwhelming blow to the doctrine of caloric was 
^iven by Count Rumford's experiment of causing water to boil 
by the agency of mechanical force, and the following details are 
extracted from a paper read before the Royal Society in 1798. 

In casting guns it is usual to leave a cylindrical head of metal 
at the muzzle end so as to ensure soundness of structure, the 
mould being placed in a vertical position with the muzzle end 
upwards. 




Fio. 19. 

The drawing shows the end of a six-pounder brass gun, 
having a cylindrical neck of solid metal, a, 2*2 inches in diameter, 
and 3*8 inches in length. Beyond the neck the waste portion of 
anetal forming the head for the casting was shaped into a cylinder 
c, 7*1 s inches in diameter and 9*8 inches in length, having a 
cylindrical cavity bored out for the reception of a hard steel blunt 
borer. The borer was made from a plate of steel 3*5 inches wide 
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and '63 inch thick ; it is marked d in the figures, being shown 
both when turned edgeways and also when presenting its flat side. 
The cavity of the cylinder is given in section, with the borer in 
sitUf the piece marked e being a rectangular iron bar terminated in 
a cylindrical plug and holding the borer d. 

The borer was firmly held at rest and was pressed against the 
base of the cavity by means of a screw, the estimated pressure 
being 10,000 lbs. The gun itselt was rotated by horses, the 
number of revolutions being 33 per minute. 

The cylinder was enclosed within a deal box shown in section 
in the diagram. The box was 11*5 inches long, 9*4 inches wide, 
96 inches deep, and it contained 1877 lbs. of water. The square 
bar B, and the cylindrical stem a passed through packed water- 
tight openings in the sides of the box. The temperature of the 
water at the commencement of the experiment was 60^ F. 

The rotation of the gun under a pressure of 10,000 lbs. caused 
a considerable evolution of heat, traceable to the fiiction of the 
rubbing surfaces, and the heat so generated was but slowly con- 
ducted away by the comparatively slender neck of the cylinder. 
The result was that the temperature of the water rose as the trial 
went on, and at the end of one hour a thermometer placed in the 
water marked 107^ F. At the end of the next half-hour the 
temperature had risen to 142** F., then in another half-hour to 
178** F., and, finally, at the end of two and a half hours, the water 
boiled. In describing this result, Rumford breaks out into an 
enthusiastic recital of the effect upon those who witnessed it, and 
exclaims : ' It would be difficult to describe the surprise and 
astonishment expressed in the countenances of the bystanders on 
seeing so large a quantity of water heated and actually made to 
boil without any fire.' He goes on to say : — 

' By meditating on the results of these experiments, we are 
naturally brought to that great question which has so ofteu been the 
subject of speculation, namely. What is heat? Is there any such 
thing as an igneous fluid ? Is there anything that, with propriety, 
can be called caloric?' 

The conclusion which he draws is full of soimd philosophy, and 
18 a statement which the student should examine carefiilly and 
cany in his mind through the enquiries here presented :— 
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' In reasoning on this subject we must not forget to consider that 
the source of heat generated by friction in these experiments ap- 
peared evidently to be inexhaustible. 

' It is hardly necessary to add that anything which an insulated 
body or system of bodies can continue to furnish without limita- 
tion cannot possibly be a material substance ; and it appears to me 
to be extremely difficult, if not impossible, to form any distinct 
idea of anything capable of being excited and communicated in 
the manner heat was excited and conmiunicated in these ei^peri- 
ments except it be motion.' 

daw's experiment on the melting of ice bv friction. 

32. On the recommendation of Count Rumford, Davy was 
appointed to a lecturership at the Royal Institution in 1802. His 
experiment in refutation of the doctrine of caloric is regarded 
as conclusive. 

In an atmosphere at a temperature of 29® F. he rubbed to- 
gether two small slabs of ice, each 6 inches long, 2 inches wide, 
and f inch thick. The slabs were attached by wires to iron bars, 
and the friction was continued for several minutes. 

The result was that the ice melted at the surfaces of contact, 
producing water at a temperature of 35** F. 

Now a mass of water is known to contain an absolute quantity 
of heat far greater than that contained in an equal mass of ice, and 
it is therefore impossible to account for the presence of this heat 
on the assumption that heat is a material substance. 

Davy's conclusion is a wonderful example of clear insight into 
the nature of heat, and we shall adopt it as the guiding statement 
in considering the working of heat engines. It is expressed in the 
following sentence : — 

* ITie immediate cause of the phenomenon of heat is motion, 
and the laws of its communication are precisely the same as the 
laws of the communication of motion.' 

It follows that the three laws of motion laid down by Newton, 
together with the principles applicable to the measurement of the 
action of force, should be studied most? diligently by anyone who 
desires to understand th^ theory of heat 
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HSAT IS PRODUCED BY THE AGITATION OF THE MOLECULES 
OF BODIES. 

33. After the experiments of Rumford and Davy, the belief that 
heat was a material substance necessarily languished and died 
away, and the time has now come for stating more precisely the 
modem theory according to which the particles of all bodies by 
which we are surrounded are to be regarded as in a state of rapid 
and never ceasing agitation. 

In order to present to the mind a * sense-image ' of the nature 
of heat, we begin by regarding all bodies as made up of assemblages 
of parts called molecules. A molecule may be of a complex character, 
consisting of distinct portions of matter held together by chemical 
bonds (as in the case of water, where a molecule is made up of 
separate parts of oxygen and hydrogen), and whatever may occur 
in the disposition of these separate parts or portions of matter, as 
to which we say nothing, it is agreed to call each whole collected 
mass a molecule, so long as its different portions do not break up 
and part company. 

Heat is produced by the agitation or motion of the molecules 
of bodies. But the motion of heat is too minute to be recognised 
m any way by the senses, and cannot be detected by direct obser- 
vation. It is evident, therefore, that very cogent evidence ought 
to be adduced before the new proposition is accepted. The 
doctrine of caloric may be untenable, and may have been de- 
molished by experiment, but the student should nevertheless 
distinctly set before himself the question — How is a theory to be 
established which appeals for its support entirely to facts of ob- 
servation, and which yet starts with the assumption that the thing 
to be made manifest to the mental vision exists in a region where 
no direct observation has ever yet penetrated ? 

Without doubt there is an enormous difference between the 
work of demolition and the work of construction. The former is 
comparatively easy, but the latter can only be arrived at by a slow 
and tedious process. Two decisive experiments abolished at once 
and for ever the theory supported by Black, but not one, nor two, 
nor one hundred isolated experiments can be appealed to as con- 
clusively establishing Davy's proposition, and it is only by passing 
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ovei the whole domain of physical research that we meet with 
an aggregate of facts reconcilable with the one theory and irrecon- 
cilable with any other, and thus gradually yield to a conviction 
which it becomes impossible to resist 

Mr. Maxwell tells us ('Theory of Heat/ p. 306): 'The mole- 
cules of all bodies are in a state of continual agitation. The hotter 
a body is, the more violently are its molecules agitated. In solid 
' bodies a molecule, though in continual motion, never gets beyond 
a certain very small distance from its original position in the body. 
The path which it describes is confined within a very small region 
of space. 

* In fluids, on the other hand, there is no restriction to the ex- 
cursions of a molecule. Hence in fluids the path of a molecule is 
not confined within a limited region, as in the case of solids, but 
may penetrate to any part of the space occupied by the fluid. 

' A gaseous body is supposed to consist of a great number of 
molecules moving with a great velocity. 

* The actual phenomena of diffusion both in liquids and in 
gases furnish the strongest evidence that these bodies consist of 
molecules in a state of continual agitation.' 

THE CONVERSION OF WORK INTO HEAT. 

34. In the year 1843 Mr. Joule made the following observation: — 
'When we consider heat^ not as a substance^ but as a state ofvibra- 
tion, there appears to be no reason why it should not be induced 
by an action of a simple mechanical character, such, for instance, 
as is presented by the revolution of a coil of wire before the poles 
of a permanent magnet.' Some striking experiments followed 
upon this suggestion, and it was shown that heat was actually in- 
duced in the manner anticipated. It is, however, not within the 
scope of this book to describe more than one illustration which 
has grown out of that originally suggested by Mr. Joule, and which 
powerfully confirms the belief that heat is caused by vibration. 

In order to perform the experiment which we are about to 
describe, it is necessary to be provided with a very powerfiil electro- 
magnet and a whirling table, the arrangement being to bring the 
axis of the whirling table between the poles of the ma^^et and to 
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rotate at a high speed a small copper tube containing an alloy of 
metal which fuses at a low temperature. After three or four minutes 
of rotation the alloy melts, and may be poured as a liquid out of 
the tube. 

The question then arises, what agency has been at work to fuse 
the metal The heat is not traceable to direct friction, for the tube 
rotates in the empty space between the poles of the magnet and 
does not rub against anything. The effect must be in some way 
due to magnetism, for it is found that unless a battery current is 
sent through the coil of the magnet the rotation of the tube may 
go on as rapidly and as long as we please without producing any 
effect whatever. The tube remains perfectly cool, and there is no 
appearance of any heating action. 

The connection between heat and work becomes apparent 
upon testing the increased exertion necessary for rotating the spindle 
of the whirling table while the metal is being heated. Before the 
magnetism is set up, a certain amount of effort is necessary in 
order to overcome the friction and inertia of the moving parts 
and to keep up the rotation. But the moment the magnetism is 
called forth, an increased resistance is felt, and a greater effort must 
he made in order to sustain the speed of the whirling tube. The 
additional work so demanded is passed in the form of heat into 
the tube. The conversion of work into heat is direct and pal- 
pable, but the precise nature of the molecular changes presents 
great difficulties. It will suffice here to point out that the experi- 
ment is based on an observed fact, viz., that when a flat blade or 
strip of copper is passed between the poles of an excited electro- 
magnet a resistance is felt, and if the blade be moved to and fro 
the sensation experienced is not that of moving through free air 
but rather of cutting through some viscous substance which clings 
upon the knife. It appears that the magnetism sets up an electric 
current in the strip of copper when its opposite ends are brought 
into contact, as they would be if the strip were bent round into a 
tube, and that new sets of particles come into action during the 
rotation. The resistance felt is exactly like that due to friction* 
but it is here not traceable to the rubbing of any material sub- 
stances but rather to the indisposition of the metal to receive new 
currents of electricity induced by magnetic action and involving 
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sets of partides in which a new molecular motion is continually 
being set up, the disturbance caused thereby coming out as heat, 
and the work done being the increased effort made by the arm of 
the operator. The effect has been called by Dr. Tyndall ' friction 
against space.' 

JOXn^E'S DETERMINATION OF THE MECHANICAL EQUIVALENT 
OF HEAT. 

35. In a paper read before the Royal Society in 1849, Mr. Joule 
stated : — ' From the explanation given by Count Rumford of the 
heat arising from the friction of solids, one might have anticipated 
as a matter of course that the evolution of heat would also be 
detected in the friction of liquid and gaseous bodies. Moreover 
there are many facts, such as, for mstance, the warmth of the sea 
after a few days of stormy weather, which had long been commonly 
attributed to fluid friction. The first mention, so far as I am 
aware, of experiments in which the evolution of heat from fluid 
friction is asserted was in 1842 by M. Mayer, who states that he 
has raised the temperature of water from 1 2® C. to 13® C. by agitating 
it, without, however, indicating the quantity of force employed or 
the precautions taken to secure a correct result' And he fiuther 
said that he considered it of the highest importance to obtain the 
relation between force and heat with accuracy, and proceeded to 
describe the apparatus employed for tliat purpose as well as the 
mode of using it. 

The apparatus employed for producing the friction of water 
consisted of a brass paddle-wheel furnished with eight sets of arms 
working between four sets of stationary screens attached to the in- 
side of a copper cylinder, 7} inches in diameter and 8 inches deep. 
A facsimile model of the paddle and cylinder is deposited at South 
Kensington. The cylinder was covered by a lid having two necks 
a and by the latter for the insertion of a thermometer, and the 
former being an opening for the axis of the paddle to revolve in 
witliout contact. 

The general arrangement will be apparent from the sketch. 
The weights which rotated the paddle were each 29 lbs. (more ac- 
curately, 203,066 grains and 203,086 grains), and they fell through 
63 inches at a rate of about 2 43 inches per second. Each weight 
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f^as attached by pieces of thin twine to a wooden roller a b, 2 inches 
in diameter, as shown, the roller being supported by steel axles \ 
inch in diameter, and running upon friction wheels. A wooden 
pulley, E, 12 inches in diameter and 2 inchesT thick, was also carried 





Fig. 2a 

by Ihe roller and was connected by a string to the small roller/ 
on the axis of the paddle. The roller / could be fixed to the 
paddle axis by a pin /, or be disconnected at pleasure. While the 
friction was going on the paddle and roller revolved together, but 
they were disconnected by taking out the pin / as soon as the 
weights reached the ground, the roller being then supported in a 
movable frame while the weights were wound up ready for 
another descent 

The manner in which the friction of the 
water was set up will be apparent from fig. 21, 
which is a sectional elevation of the cylinder 
and paddle. The dark crossbars, two of which 
have square ends, are the paddles, and there is 
only just room for them to pass between cor- 
responding openings in the fixed plate c d. A 
second plate, similar to cd, stands at right 
angles to it, and there are in all eight sets of 
paddles, whereby the drag upon the motion becomes very coi*- 
siderable. The plate c d is 7^ inches wide and 7 inches deep. 
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The laboratory was a spacious cellar, the temperature of which 
preserved a remarkable uniformity. The copper cylinder rested on 
a wooden stool, or rather grating, supported at some distance from 
the ground, and there was a wooden screen to protect the cylinder 
against any radiation of heat from the person of the operator. 

Each experiment lasted 35 minutes, during whidi time the 
weights were allowed to fall twenty times in succession. 

Two thermometers of extreme delicacy were employed, one, a, 
for reading the temperature of the water in the cylmder, and the 
other, B, for reading that of the air in the room. The space of 
I® F. was subdivided into 12*951 divisions in thermometer a, and 
into 9-829 divisions in thermometer b, whereby Mr. Joule con- 
sidered that he could estimate the temperatures to two-hundredths 
of a degree. 

There were two classes of observations, viz. : (i) a frictional 
observation, wherein the total fall of the weights was recorded, as 
well as the temperatures of the water in the cylinder before the 
rotation of the paddle began and after it had ended. Thermo- 
meter B was also read at the beginning and end of the trial (2) 
There was a so-called radiation experiment, intended to furnish an 
estimate of the probable passage of heat to or from the apparatus 
during the time of the frictional experiment The nature of the 
observation is well given by Mr. Joule, who says : — ' Previously 
to and immediately after, each of the experiments, I made a trial 
of the effect of radiation and conduction of heat to or from the 
atmosphere, in depressing or raising the temperature of the fric- 
tional apparatus. In these trials the position of the apparatus, the 
quantity of water contained in it, the time occupied, the method 
of observing the thermometers, the position of the experimenter ; 
in short, everything with the exception of the apparatus being at 
rest, was the same as in the experiments in which the effect of 
friction was observed.' 

Taking the fourth experiment as an example of what was done 
we find a tabulated result which is perfectly intelligible. The total 
fall in inches is recorded, and the word friction refers to the time 
when the paddle was in action, while the word radiation refers to 
the observations made in the next thirty-five minutes by starting at 
the temperature in the top line of colqmn 6. 
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From a comparison of forty trials Mr. Joule deduced the 
numerical measure of the work done as being 6,067'! 14 foot-pounds, 
and inferred that the total rise of temperature in the water and 
copper was equivalent to a rise of '563209 F. in 97,470*2 grains of 
water, or to i** F. in 7*842299 lbs. of water. But 

7-842299 

Hence he deduced the mechanical equivalent of heat, as shown 
by the friction of water, viz. 773'64 foot-pouHids in air, or 772*692 
foot-pounds if the experiment had been conducted in a space freed 
from atmospheric air. 

There were other experiments on the friction of mercury and 
cast iron, giving remarkable approximations to the above result, 
and Mr. Joule's paper ends with the following observations : — 

1. * The quantity of heat produced by the friction of bodies, 
whether solid or liquid, is always proportional to the quantity of 
force expended. 

2. * The quantity of heat capable of increasing the temperature 
of I lb. of water (weighed in vacuo, and taken at between 55® F. 
and 60® F ) by I** F. requires for its evolution the expenditure of a 
mechanical force represented by the fall of 772 lbs. througli the 
space of one foot' 



THE KINETIC THEORY OF GASES. 

36. Here it may be convenient to refer to the kinetic theory 
of gases, viz., the theory that a gas consists of a numbei of 
molecules, flying in straight lines, and impinging like little pro- 
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]ectiles not only on one another, but also on the sides or the vessel 
holding the gas. It is well known that a quantity of gas, however 
small, will expand and fill the whole of a vessel, however laige ; 
and further that it will exert some pressure upon its sides. 

Also, gases of every kind will di£fuse into each other — a striking 
fact which may be illustrated by the following experiment Fill 
two glass vessels, one with chlorine gas and the othei with hydrogen 
gas, and connect them by a glass tube so that the hydrogen is 
uppermost Chlorine gas is thirty-six times as heavy as hydrogen, 
yet in a few hours the gases will have diffused through both vesseb, 
which will be filled with equal parts of chlorine and hydrogen. 

The expansion and diffusion of gases are accounted for at once 
by the kinetic theory, and so is the law of Boyle, as well as a 
second fundamental law presently to be examined, and known as 
the second law of gaseous expansion. According to this theoiy 
the molecules should be pictured to the mind as endued with 
velocities somewhat greater than that of a rifle bullet, and thereby 
competent to rush into and fill an empty space with great rapidity. 

Also, by continually rebounding from the sides of the vessel and 
from each other they keep up an incessant cannonade, and the 
aggregate of these minute blows is felt as a sensible pressure on 
the surface subjected to them. A bladder partly filled with air 
looks slirivelled, but when held before a fire it becomes hard and 
tense. The heat of the fire has given increased velocity to the 
molecules, and has enabled them to do more work. They dis- 
charge themselves with greater impetus against the inner suri^ce 
of the bladder and overpower the bombardment from without 
Presently their power becomes weakened by the increase of the 
area to be supported, and the bladder ceases to enlarge. As the 
air cools down the motion partially dies away and the bladder 
shrinks back to its original dimensions. It is thought that the 
velocity of a molecule of hydrogen at 32® F., and at tlie atmo- 
spheric pressure, is 6,097 feet per second. We have to take this 
theory with us to the consideration of the loss of heat experienced 
by a gas when doing work, and there can be no question that it 
enables the mind to grasp the fact with clearness. Add to which, 
that a general statement of the ideas now prevailing amongst 
certain writers is, at any rate, serviceable to the student. 
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THE SECOND LAW OP THE EXPANSIOK OF GASES: CHARLESES, OK 
GAY LUSSAC'S LAW. 

37. The expansion of gases under the action of heat is now 
to be discussed. Whatever view may be adopted to account for 
gaseous pressure, the fact of its dependence on temperature is 
thoroughly established, and such an illustration as that of the 
shrivelled bladder when partially filled with air becoming tense 
under the action of heat, is to be connected with a particular law 
known as the second law of the expansion of gases, and which 
was discovered by Charles, a professor of physics in Paris, some 
fourteen years before it was made public It was published by 
Dalton in England in 1801, and by Gay Lussac in Paris in i8oa, 
and is often called Gay Lusscufs law. 

The method of experimenting adopted by Gay Lussac will be 
understood from the annexed diagram. 




Fig. 22. 

A certam volume of air, freed from moisture by passing it 
through chloride of calcium, was introduced mto a thermometer 
tube having an enlarged bulb. A drop of mercury served both as 
an index and a valve, marking the expansion and separating the 
air wthin the tube from the external atmosphere. This air ther- 
mometer a b was then introduced into an iron vessel containing 
water and placed over a source of heat. The liquid was agitated, 
and two thermometers, c and d, marked the temperature. The 
drop of mercury p indicated by its position the volume of the 
enclosed air, both when the experiment began and when it termi- 
nated, the tube b a being drawn out through a water-tight collar and 
pushed in when necessary, so as to keep the mercurial index just 
outside the vessel. 

The conclusions arrived at were the following :— 
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I. All gases expand at one uniform rate as the temperature 
increases. 

3. The expansion of air between 32® F. and 212® F, is '375 of 
its volume at 32® F. 

3. The law of expansion is the same at all pressures, whether 
great or small. 

The number expressing the amount of expansion, viz., '375 
has been modified bj subsequent observers, and Regnault assigns 
the fraction "3665 in place of '375. 

38. It is believed that Gay Lussac's method failed in two parti- 
culars ; that is to say, (i) the mercurial index allowed a minute 
quantity of air to pass by it, (2) the air enclosed in the tube was 
not sufficiently freed fi-om the vapour of water. 

It appears, as the result of observations of extreme delicacy, 
that the laws of gaseous expansion are not absolutely verified, and 
hence a distinction is drawn between perfect and imperfect gases. 
Rankine defines 2. perfect gas as a substance in which the tendency 
of any small portion to expand and diffuse itself through a given 
space is a property independent of the presence of other gases 
within the same space. He fiuther states that every gas approxi- 
mates more closely to the condition of a perfect gas the more 
highly it is heated and rarefied, and he admits that air is sufficiently 
near to the condition of a perfect gas for thermometric purposes. 

Another mode of defining a perfect gas is the following : — 

Def. — A perfect gas is one which satisfies the condition 
that the addition of equal quantities of heat shall cause equal 
accessions of pressure when the volume remains constant, or shall 
cause equal additions of volume when the pressure remains un- 
changed. 

The student will readily infer that all vapours, when separated 
firom the generating liquid and highly heated, approach to the 
qualities of a perfect gas ; whereas, when the vapour is near the 
point of condensation, it differs therefrom in a marked degree. 

THE AIR THERMOMETER. 

39. An air thermometer may be any vessel containing air, and 
the principle of the instrument is well exhibited by means of a 
bent thermometer tube, such as b p a. Some air is enclosed in 
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the bulb A and is separated from the air outside by a drop of mer- 
cury p, which acts as an index, and ^^^^ 
is prevented from falling out by the ■ ^ p ^^ ^KT/'^ 
bends in the tube. The touch of ^"^ 
the finger on the bulb a will cause a '^* ^^ 
sudden and rapid movement of the index, due to the expansion of 
the air in the bulb. 

For scientific researches an air thermometer may be a small 
globe with a tubular mouthpiece drawn out to a convenient 
length. The weight of the air in the globe is carefully ascertained 
in the first instance. At the close of the experiment the tubular 
end is sealed by the flame of a blowpipe, and a comparison is 
made between the weights of air enclosed in the vessel under the 
two conditions. 

Instead of air Regnault has used the vapour of merciuy for 
estimating high temperatures. His apparatus consists of a cylin- 
drical 01 spherical vessel made of porcelain and closed by a plate 
with a small aperture. A little mercury being poured into the 
vessel, its vapour displaces the air, and becomes more rare as tlie 
temperature rises. The weight of mercury left in the vessel afler 
condensation reveals the temperature. 

The value of air as a thermometric measurer is very great The 
uniformity which characterises its expansion between freezing and 
boiling points, obtains, it is believed, alike at the highest and the 
lowest recorded temperatiu-es. The measure given by air is equally 
reliable whether we are observing the fusing of platinum or the 
congealing of mercury. So far as we know, and disregarding 
minute difierences which are practically inappreciable, air has never 
failed as a measurer of temperature. 

THE LOWERING OF THE TEMPERATURE OF A GAS WHILE DOING 
EXTERNAL WORK, 

40. In discussing the invention of the expansive working of 
steam we obtained tlie curve of the expansion of steam according 
to Boyle's law, assuming, as a matter of course, that the temperature 
remained constant We have now to enter upon a new enquiry, 
which follows as a consequence of the mechanical theory of heat, 

F 
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and shall endeavo ir to show that a mass of air niay have its 
temperature lowered, not by the escape of heat according to the 
usual processes of conduction or radiation or convection, but in a 
totally di£ferent manner, namely, by allowing it to perform external 
work. 

If we accept Davy's belief ' that the immediate cause of the 
phenomenon of heat is motion, and that the laws of its communi- 
cation are precisely the same as the laws of the communication of 
motion/ there should be no hesitation in applying Newton's law 
that *• action and reaction are equal and opposite.' In doing so 
the result arrived at is no doubt startling. Granted that 77a Ibs^ 
(<ibout i of a ton) would, by falling through i foot, develop an 
amount of heat sufficient to raise i lb. of water through i® F., it 
follows from the above law that the converse proposition should 
also be true, and that the heat necessary to raise the temperature 
of I lb. of water by i** F. should be competent to lift 77a lbs. 
tlirough a height of i foot. It does not appear that any direct 
experiment has ever established such a result, and it is difficult 
even to conjecture that it could be accomplished. Nevertheless 
our theory accepts the conclusion, and the failure is traced to 
practical difficulties. The student should therefore set before him- 
self, as a model, an apparatus capable of converting heat into work 
According to the numerical result above stated, and should contrast 
the imperfect performance of actual practice with the imaginative 
working of an ideal engine where all imperfections or impossibilities 
of construction are supposed to be eliminated. By noting tlie 
degree in which the conclusions of theory exceed those actually 
reached, he will be working in a path which is continually leading 
to some improvement. Already important changes have taken 
place in the ideas which formerly prevailed among engineers as to 
the directions in which greater economy of fuel may be prac- 
ticable. 

41. We propose, in the first instance, to consider the perform- 
ance of an ideal engine, where the material is such that no external 
heat can enter the working cylinder and no internal heat can pass 
away by the ordinary processes of conduction or radiation, and 
where the piston moves without any friction. Introduce now into 
the cylinder a mass of air at a high pressure and at a given 
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tempa^lore, and allow it to expand doing work. Although the 
air enclosed can lose no heat by conduction or radiation, yet its 
temperature will rapidly fall as the expansion goes on. The walls 
of the cylinder present an impassable barrier to the transfer of heai 
a4Xording to the ordinary processes by which heat passes, but the 
engine is at work and there is no obstacle to the transfer of motion. 
If heat be motion, the machinery outside the cylinder cannot start 
into action unless the air within loses an exact mechanical equiva- 
lent in the agitation of its molecules, and it would be futile to 
expect that Boyle's law should be strictly fulfilled. 

It is remarkable that Watt, in his patent of 1782, showed a 
working cylinder surrounded by a hot steam jacket, the direct ten- 
dency of which would be to preserve a constant temperature 
within, and to cause the expansion to follow the precise law laid 
down in his description of the invention. 

In order to understand the matter more thoroughly it may be 
well to refer to some facts which have been observed in the appli- 
cation of compressed air engines. Taking the case of a compressed 
air engine set up at the Govan Colliery near Glasgow in 1 849, it 
appears that a steam-engine was employed to compress air to a 
pressure of 20 to 30 lbs. per square inch. The air was then con- 
veyed down a shaft 1 76 yards deep, and along a road through a 
. further distance of 700 yards. The first difficulty arose from the 
heating of the compressed air in the cylinders of the compressing 
pumps, and layers of water covered tlie series of balls forming 
the piston and delivery valves, and thereby absorbed a quantity of 
heat as soon as it was generated. In recent engines, the flooding of 
the valves is not practised, but a horizontal compressing air cylinder 
has a water jacket open at the top in order to keep down its tem- 
perature. 

According to the old theory it was believed that the heat fluid, 
or caloric, was squeezed out of a mass of air by sudden compres- 
sion, and in this way the lighting of a piece of German tinder at 
the bottom of an air syringe by the sudden forcing down of the 
piston was commonly explained. 

The development of heat by the act of compression being thus 
rendered apparent, we have to point out what takes place at the 
bottom of the mine where the compressed air does work in ex- 

F 7 
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pan(&ng. The air engine referred to was an old high-pres5urc 
engine with a cylinder of lo inches in diameter and i8 inches 
stroke, making about 25 revolutions per minute ; and the next 
practical difficulty arose from the disappearance of heat in the 
working cylinder, whereby, on some occasions, the formation of 
ice in the cylinder and exhaust pipe clogged the working parts. 

In order to meet the difficulty various suggestions have been 
made, and Mr. Siemens has pointed out that according to theory 
the better course would be to inject cold water, in the form of 
spiay, into the compressing cylinder in sufficient quantity to keep 
the temperature practically uniform throughout the stroke ; and 
afterwards, if such a thing were practicable, to take the very same 
water which had become heated in the compressing cylinder, and 
inject it again into the expanding cylinder, so tliat the heat taken 
from the Air during the compression should be restored to it during 
the expansion. 

UNIT OF HEAT AND FIRST LAW OF THERMODYNAMICS. 

42. Adopting the belief that a quantity of heat means a quantity 
of molecular motion, the unit of measiu'ement is the following : — 

Definition. — A unit of Juat is the quantity of heat required 
for raising the temperature of i lb. of water, at or near its tem- 
perature of greatest density (39* i® F.) through i® F. 

The 'pound' here spoken of is the unit of mass, viz., the 
standard pound avoirdupois. 

First Law. Heat and mechanical energy are mutually con- 
vertible, and heat requires for its production, or produces by its 
disappearance, mechanical energy in the proportion of 772 foot- 
pounds for each unit of heat. 

The number 772 is usually denoted by the letter J, in token of 
Mr. Joule's experiment, and the temperature of the water referred to 
in defining a unit of heat is taken at 39*1® F. instead of lying 
between 55** F. and 60° F., as in the original experiment. 

on specific heat. 

43. The term * specific heat ' is used in a technical sense, for 
the word ^ heat* signifies quantity of hcat^ and specific means 
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peculiar to the substance. There must be some standard of 
reference in the measurement of specific heat, and the substance 
selected for this purpose is water at or near 39*1® F. 

Def. — The specific heat of any solid or liquid substance is 
the ratio of the quantity of heat required to raise the tempera- 
ture of a given weight of the substance through i® R, to the 
quantity of heat required to raise the temperature of an equal 
weight of water at 39'i** F. through i** F. 

Water is selected as a standard, because it opposes a greater 
resistance to a change of temperature than any other liquid or 
solid substance, and it follows that the specific heats of all solids 
or liquids are registered as firactions less than unity. 

The specific heat of water is not absolutely constant, the 
specific heat of boiling water becoming incireased by a minute 
firaction, and a progressive increase continuing at still higher tem- 
peratures. 

In symbolical language it may be said that if ^ be the quantity 
of heat required to change the temperature of a given mass m 
fix)m / to T, we should infer that ^varies as (t-/) when m is given, 
and that q varies as m when (t-/) is given. 
Hence q varies as m (t - /), 

or =^M (t-/), 
wheie the constant c is called the specific heat of the substance, 
and is the measure of the quantity of heat which will raise the 
unit of mass through one degree. 

44. In estimating the specific heat of a gas it is necessary to 
bear in mind the fact that the temperature of a gas is lowered by 
causing it to do work. 

I. If a portion of gas be enclosed in a rigid vessel whose form 
is unalterable, and be heated, it does no external work, and its 
spedfic heat would be assigned just as in the case of a solid or 
liquid, that is, by comparison with water whose specific heat is 
unity. 

The specific heat of air at a constant volume is '169. 

a. If a portion of gas be enclosed in a vessel in such a manner 
that it can expand under a constant pressure, and if it be subjected 
to the action of heat, it will increase in volume, and will push 
away any external air which presses upon it. thereby doing work. 
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The result is that it absorbs more heat in rising through a given 
number of degrees of temperature than it would do if no heat 
were converted into work. 

The specific heat of air at a constant pressure is '238. 

The next step is to apply symbols to these results, and to 
certain calculations about to be given. 

Let k be the specific heat of air at a constant pressure. 

„ c „ „ „ constant volume. 

^ k 

Tlien - = I 408 = y suppose. 

k 
The ratio - is of such frequent occurrence that it has been 

usual to designate it by a Greek letter y. 

The velocity of sound (in feet per second) in air at the tem- 
perature 32® F. may be proved to be \/g y 5, where ^ is 32*2 feet, 
and H is 26,214 feet, the height, as it is called, of the homogeneous 
atmosphere at 32° F. The measured velocity of sound hence 
gives y = i'4o8. 

The value of k has been found by experiment, and (as stated) 

\% equal to '238, but the value of ^ cannot be ascertained by direct 

experiment, and is therefore deduced from the equation 

k -238 . 

c = = — ^ = -loo. 

I -408 I 408 



THE LATENT HEAT OF STEAM. 

45. The principle successfully carried out in determining tlic 
temperature of high-pressure steam, has been also applied for 
determining the latent heat of steam. 

The apparatus employed by Regnault (whose results are of the 
first authority) was too complex to admit of explanation here. A 
full account of it, together with an engraving of the several parts, 
is to be found in Jamin's ' Cours de Physique.' 

Steam was generated in a boiler containing some 30 to 40 
gallons of water, and was passed through a coiled pipe in the 
interior thereof before it was led away, the result being that 
any water adhering to the issuing steam was vaporised, and that 
the supply consisted of dry saturated steam. The pressure of the 
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vapour thus generated was determined by an artificial atmospheie, 
and was measured as in the previous case. 
There were two vessels, technically 
known as calorimeters, through each of 
which the steam passed twice for a few 
minutes, and wherein its latent heat was 
given up to a measured quantity of water. 
The annexed drawing shows the construc- 
tion of one of the calorimeters employed. 
Steam enters the copper reservoir, c, 
which opens into a second reservoir, b. 
There is also a worm pipe passing from b, 
and twisted in a spiral round the inside of 
the calorimeter, but terminating in a pipe, 
D, leading to the receiver which regulates ^'°* *4- 

the pressure of the artificial atmosphere. A thermometer, t, gives 
the temperature of the water in the calorimeter. In order to preserve 
a continuous flow of steam through the apparatus at a time when 
the measurement is not proceeding, there is a condenser, into 
which the supply is turned at pleasure ; also the pipe which leads 
from the boiler to the calorimeters is steam-jacketed throughout 

The results were, of course, given in graduations of the centi- 
grade thermometer, and were as follows : — 

1. The latent heat of steam produced at atmospheric pressure, 
or at a temperature 100** C, was represented by the number 537. 

2. Taking the temperature of the steam at t degrees centi- 
grade, it appeared that the quantity of heat necessary to raise a 
unit of weight of water from oXot and to transform it into vapour 
at a temperature t was equal to 

606-5 + '305 T 

Since 537 C. = 966*6 F., we estimate that 966*6 units of heat 
become latent in the conversion of one poimd of water at 212** F 
into one poimd of steam at the same temperature. 

Adopting now the graduations of the Fahrenheit thermometer, 
and remembering that i** C. is equivalent to f** E, let l re- 
present the latent heat of steam, and let h be its total heat. The 
designation * total heat ' is conventional, and is taken to express 
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the heat required to raise i lb. of water from 3a® F. to the tem- 
perature of evaporation and afterwards to convert it into vapour, 
then H = 10917 +*30S (^^32**) 
L = 10917 -695 (/-32**) 

= 1092 — .7 (/— 32®) approximately; 
or s=. 966 — 7 (/— 212'). 
Watt experimented on the latent heat of steam, and in 1781 
estimated it by the number 950, but subsequently he put the 
numerical value a little higher, viz., at 960. Also, using the term 
' free heat ' to indicate the amount of sensible heat above 32^ F. 
as measured by a thermometer, he enunciated the law that in 
steam at any given temperature — 

Intent heat + free heat = a constant quantity. For ex- 
ample : — 

Units. 

One pound of steam at 212® F. . f 180 sensible heat 
condensed at 32® F. gfves out . \ 966*6 latent „ 

amounting together to . 1146*6 
Again — 

Unite. 

One pound of steam at 250° F. . r 218 sensible heat 
condensed at 32' F. gives out . \ 928*6 latent „ 

still amounting together to 1 146*6 

But Regnault showed a variation from this law, and his formula 
gives 1158*2 as the total heat of steam at 250° F., mstead ol 
1146*6. 

It will be necessary to retur to this subject in the Appendix, 
where numerical examples and questions set in the Science and 
Art examination papers are brought together. 

THE ABSOLUTE ZERO OF TEMPERATURE. 

46. If air be adopted as a thermometric substance we com- 
mence our researches upon temperature in a very advantageous 
manner, for it is easy to conceive that the law of expansion of 
air is carried on indefinitely at increasing temperatures, and that 
the law of its contraction pursues an undeviating course as far as 
the point at which the whole of the heat contained in a mass of 
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air has been taken away from it. Then arises the question : 
What is the real zero of an air thermometer, or the 
indication which it would give if the air were deprived 
of all its heat? 

In order to make the matter clear, let us take the 
case of air enclosed in a cylindrical tube of indefinite 
length, and separated from the atmosphere by a small 
globule of liquid which does not evaporate sensibly. 

Let the tube a p be 60a inches long, and conceive ua- 
that when the index is at b, marking 32** F., the length, 
A B, is 30 a inches. 

At 212** F. the index will rise to e, where a e is 
4ifl inches. «- 

Let :r be the number of graduations in b p, when 
the index rises to p, such that a p = 60a. , 
Then b p : b e = jr : 180® 
or 30a : im = :r : 180* 
.Mij; = 5,400** 

X = 491® very nearly. 

Hence 30a inches is added to the tube of air by 
an increase of temperature of 491**; and, in like manner, 
3otf inches would be cut off by a fall of temperature 
of 491*. But that is the whole length of the tube, and ^'°' *^ 
it follows that the air cannot contract more than by a fall of 491*, 
or that the zero of the scale is 491'' below b. 

Hence da = 491® — 32 = 459** 

The true value of the expansion is taken, however, to be '3665, 
and not '3666..., and consequently this number is slightly altered ; 
so that whereas the bottom of the tube would be marked correctly 
at— 459°.i3 F., it is usual to assign the number — 460 F. as the 
zero of the scale. 

This number indicates what is termed the absolute zero of 
temperature, and if the reading could be observed at the bottom 
of the tube it would imply that the volume of the air had been 
reduced to nothing. Mr. Maxwell says :— ' If it were possible to 
extract from a substance all the heat it contains, it would probably 
still remain an extended substance, and would occupy a certain 
vplume. Such an abstraction of all its h^at from a body has 
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never been effected, so that we know nothing about the temperar 
ture which would be indicated by an air thermometer placed in 
contact with a body absolutely devoid of heat' 

If we agree to adopt the absolute zero of the air thermo- 
meter as the point at which the readings commence, and adhere 
to Fahrenheit's scale, we shall estimate freezing point, not as 32% 
but as 32^ -I- 460^ or 492^ And like alterations for other tempera- 
tiu-es. 

On pausing to consider the amount of progress which has 
been made in travelling down the tube of an air thennometer to- 
wards the limit of the absolute zero, we shall find that hitherto the 
best results have been obtained by combining chemical with 
mechanical action. Thus Faraday obtained carbonic acid snow 
by allowing the substance when liquefied under pressure to escape 
into a small box, and the snow so formed could be wetted with 
ether, so as to produce a sort of paste having a temperature 
of — 106* F. By accelerating the evaporation of the ether from this 
paste under the exhausted receiver of an air-pump the tempera- 
ture was reduced to — 166® F. 

Natterer has obtained a still more intense degree of cold, by 
mixing liquid protoxide of nitrogen with bisulphide of carbon, and 
placing the bath in an exhausted receiver. By this process he has 
lowered the reading of a thermometer to —220® F. 

The two laws of the expansion of gases, namely, the laws 
of Boyle and Charles, are connected together in a very simple 
manner under the view now suggested. 

Thus if /, 7', / represent the pressure, volume, and absolute 
temperature of a quantity of gas, then while / is constant, the pro* 
duct/ V is for this gas invariable. This is Boyle's law. 

When /varies, pv varies as /, or/z^ = J?/, J? being constant 
This is the expression of the law of Charles or Gav-Lussac, which- 
ever it may be called. 

THE PROPERTIES OF AN ADIABATIC CURVE. 

47. Another point for explanation is that there b a special 
curve which represents the expansion of a gas when confined in 
a vessel which possesses the imaginary property of not suffering an jf 
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heal to pass through its substance, and where the gas is doing 
external work during its expansion. 

In such a case the curve of expansion will not follow Boyle's 
law, by reason that the temperature of the air will be affected 
through the interaction between heat and work. 

For example, if the expanding gas does work, its temperature 
will fall by the conversion of the molecular motion of heat into 
the sensible motion of the mass upon which the work is done, 
and, since the pressure of a portion of gas is influenced by its 
temperature, the reduction of pressure will be greater than that 
exhibited by Boyle's law. 

The curve of expansion is now called an adiahatic ain^e (from 
two Greek words, signifying not to pass through), and the name is 
intended to express the conditions under which expansion takes 
place, viz., that no heat passes out of the gas either by conduction 
or radiation. 

The calculations necessary for determining the form of an 
adiabatic curve will now be given ; but the processes cannot 
be made intelligible to students who are not conversant with 
mathematics, and the explanations in the next chapter are so 
framed that those who are unable to follow the symbolical reason- 
ing may nevertheless take the results here investigated and apply 
them as required. 

48. Prop. — To find the relations between the pressure, tem- 
perature, and volume of a portion of gas when it is expanded or 
compressed without addition or subtraction of heat. 

Let/ be the pressure, v the volume, and / the temperature of 
a given portion of gas. 

Then/r^ — Rt 
.\ pdv + vdp ^ Rdt. (i) 

As before, let k be the specific heat of the gas at a constant 
pressure, then the quantity of heat necessary to be given to a unit 
of weight of the gas without change of pressure, in order to increase 
its volume hy dvis 

k.p.av; 
dv 

and if <: be the specific heat at a constant volume, the quantity of 
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heat required to increase the pressure of the same portion by 
dp without change of volume is 

If the variations of volume and pressure occur together, we 
adopt the principle that small increments from different causes 
may be superposed without interference, and the whole quantity 
of heat so required will be 

But, taking the equation /t^ = -^/, and differentiating, (i) when 
p JS constant, (2) when v is constant, we have 

dl_ p ^t 

dv R v' 

dp R p^ 
/. quantity of heat ^^.dv+ildp = by hypoUicsis, 

since there is no addition or subtraction of heat 
. kdv cdp 

V p 

Substituting in (i) we have pdv -il.dv = Rdt =:tE.dt. 

.-. logQT-'=log/ + C. 

Taking/o, r„ as values of the pressure and volume correspood- 
ing to a temperature f^ we have 
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whence ^ = (^]y,or^v^ = a constant, 

which is the equation to the adiabatic curve. 
Also the relations between the temperature, pressure, and 
yoluroe of the enclosed gas are given by the equations 



1= f'!!t\'^ ^^fl 



y-i 



=r4iv 



(») 



Cor. — If y = I, the adiabatic curve passes into the airve 
^ v r= constant, whicli is tJie curve of Boyle's law. 



DIAGRAM OF AN ADIABATIC CURVE. 

49. It is instructive to set out an adiabatic curve in a diagram, 
and to compare it with an isothermal curve, which follows the law 
of Boyle. 

Let o M represent the volume, v^^ and p m the pressure, /o> of a 
portion of gas at a temperature /q. If the gas be compressed at a 
constant temperature /q* we shall 
have R N representing the pressure 
at a volume on and heat will escape. 
Whereas, if it be compressed to a 
volume o n without escape of heat, 
the pressure will be represented by 
Q n, as assigned by the previous cal- 
culation, and it is easy to see that 
Q N is greater tlian r n. 

Also the temperature will rise 
from /q to /, as determined by the 
formula. 

The conclusion is that air resists compression with greater 
power when the action is sudden, and the heat has no time to 
escape, than when it is gradual and the heat insensibly passes 
away. It is often said that a gas has two elasticities, viz., (i) the 
the elasticity at a constant temperature, (2) the elasticity when no 
heat escapes, and that we lose sight of the latter, which is the true 
elasticity, l^ecause it so rarely influences any observed result. 
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A remarkable illustration is afforded byreseaiches on the velo- 
city of the propagation of sound. The sound-waves compress and 
rarefy air suddenly. As stated by Mr. Maxwell : — * The changes 
of pressure and density may succeed one another several hundred 
times in a second, whereby the heat developed by compression 
in one part of the air has no time to travel by conduction to 
parts cooled by expansion, even if air were as good a conductor 
as copper is. But we know that air is really a very bad conductor 
of heat, so that in the propagation of sound we may be quite 
certain that the changes of volume take place without any appreci- 
able communication of heat, and therefore the elasticity, as de- 
duced from measurement of the velocity of sound, is that corre- 
sponding to. the condition of no thermal communication.' 

Newton calculated the velocity of sound by assuming that the 
elasticity of air followed Boyle's law, and made it less by one- 
sixth part than the observed result The error was subsequentiy 
pointed out and corrected by Laplace. 

' The ratio of the elasticities in the case of air, as deduced 
from experiments on the velocity of sound, is 1-408, which is also 
die ratio of the specific heat at constant pressure to the specific 
heat at constant volume.' 

50. It may here be useful to point out one or tifi'O applica- 
tions of the formulae obtained. 

Let a mass of air at volume 12, pressure 15 lbs., and tempera- 
M z a ture 60° F., be compressed with- 

out addition or subtraction of 
heat till its pressure rises to 30 
lbs., the increase of temperature 
will be given by the formula, 

t - (P \(^ 
Buty = 1-408 /. '^— 

y 




Here /« 



= 29 
460** 



VOL 



Fio. 27. 



= 60° 
= 520% 
and /o = i5i whence tempera- 



ture at pressure 30 poujids = 520 i \ ^^ = Jf suppose. 
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/. log. JC = log 520 + -29 X log. 2. 
= 27160033 + '0872987 
= 2*8033020 

= log. 63577 
/.. temperature = 635-77 — 460 = 176** F. 

In like manner the temperatures corresponding to pressures of 
45 lbs. and 60 lbs. will be 255*" F. and 318** F. respectively, the 
rttults being marked down in the annexed diagram. 

51. To find the work done by a gas while expandmg we 
proceed as- follows : — 

Adopting the previous notation, let w be the work done, and 
remembering that fdv expresses the work performed in passing 
from viov •{■ dv^ or is represented by the rectangle s m referred 
to in Art. 18, we have to find the sum of all such rectangles 
analytically, which is done by integration, whence 



But/=A(^.) 



.-. tt'=/0(n)'' / ^y 



=^-s'{--a)^} 



or 
This formula may also assume the following sha])e8 ; — 

52. A comparison is often instituted between the relative 
advantages of compressed air or of water under pressure as a 
medium for the transmission of power to a distance. Those who 
advocate the use of compressed air, which is of greai practical 
?aUie !n many cases, should nevertheless understand ilic penalty 
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which must be paid for the use of it. We are now in a position 
to calculate the loss of work due to the cooling of compressed air 
after it has been heated by the action of the compressing pumps. 
Let a mass of air of volume v^ and pressure /o ^^ compressed 
to a pressure /, the work expended during its compression will be 
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The temperature of the mass of air will be raised by this com- 
pression, and the simplest way of looking at the question will be 
to conceive that the air is allowed to cool at a constant pressure /, 
but contracting to a volume v. 

Then P^^v^^ pv by Boyle's law ; 

and work restored by the air when expanding behind a working 
piston 

=T?.{-(^-)^} 

. work expended _ / pj\Ll 
work restored ~ \ /»o/ ^ 

Ex.— Let/ = 3/o» or let the air be compressed to three timcf 
its original pressure, 

. work expended __ (^P\ ^9 _ '29 
work restored \ / -^ ~ 

But 3*^9 = 1-375, 

/. work restored = 123^ x work expended, 
1375 

= 73 X work expended. 

That is to say, before any useful work is obtained from the com- 
pressed air, as much as 27 per cent, of tlie power has been thrown 
away. In tunnelling through the Alps, where the boring machines 
were worked by engines supplied from a reservoir of air at a pres- 
sure of six atmospheres, the loss by cooling amounted to about 
40 per cent, of the power expended during compression. 
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CHAFfKR III. 

ON HEAT ENGINES. 

53. A riEAT ENGINE, io the sense adopted in this book, is an 
apparatus for converting heat into mechanical work. 

We purpose to discuss, in the first instance, the performance 
of an ideal heat engine, such that the curve of expansion of the 
working substance shall be an adiabatic curve. 

On this hypothesis the working substance is a perfect gas, 
say air, enclosed in a cylinder provided with a piston capable of 
moving without friction. \\^en the air is doing work, the material 
of the cylinder should be such that no heat can pass out of it 
and none can warm it At other times it may be necessary for 
the air within the cylinder to accept or reject heat. The condi- 
tions for working are therefore contradictory, and accordingly, in 
the books on heat engines it is supposed that the piston, and the 
whole of the cylinder except its base, are perfect non-conductors 
of heat, while the base of the cylinder is a perfect conductor of 
heat, but yet has no capacity for heat, i,e, the amount of heat 
required to alter its temperature may be left out of consideration. 
Tlien there are two bodies a and b kept at different fixed tempera- 
tures, and there is a stand with a non-conducting surface on which 
the working cylinder can be placed when required. The engine 
is supposed to be placed on a when it takes in heat, to be carried 
to B when it gives out heat, and to rest on the stand when it works 
with the heat bound up in the enclosed gas. What is to become 
of the mechanism is not stated. 

Under these circumstances it appears to be a waste of time 
to go through the formulary of supposing the engine to be actually 
at work, and shifted about during its performance. The whole 
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tiling is the creation of the mind, and we shall disregard these 
details of supposed practice which clear up nothing, and shall 
merely conceive that everything takes place as required, so that 
the engine performs work in the manner intended. 

Having thus settled the qualities which a heat engine should 
possess, we have next to ascertain what can be done with it 

The hypothesis being that a given mass of air is enclosed iu 
the cylinder of an engine behind the working piston, it has been 
shown that if the air expands, doing work, its temperature will 
fall, not by conduction or radiation, but by reason of the conver- 
sion of heat into external work. The air inside the cylinder gives 
up part of its motion to the piston, and the &ll of temperature is 
an interchange of motion and of nothing else. 

DIAGRAM TO REPRESENT THE WHOLE WORK STORED UP IN A 
HEATED GAS. 

54. Starting then with a mass of air at a volume Vq, a pressure 
/>o, and a temperature /q. we observe that although it is impossible 

to predict anything as to its 
physical condition when ap- 
proaching the temperature zero, 
yet we may assume that its pres- 
sure and temperature fall during 
the expansion of its volume ac- 
cording to the laws already dis- 
cussed, whereby the shaded area 
bounded on one side by the atUabatic curve p q, represents the 
whole work capable of being yielded up during an indefinite 
expansion which finally depresses the temperature to the absolute 
icro. 

Further the line o x is an asymptote to the adiabalic curve p q, 
wherefore it becomes impossible to obtain the whole work theo- 
retically bound up in the mass of air in question without carrying 
on the expansion till p q meets o x^ or until the volume becomes 
infinite. When that takes place, and not until then, will / become 
equal to zero. 

At present we are engaged on a work of the imagination, arj 
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have divested the problem of all practical difficulties, but it la 
nevertheless important to remember that an expansion down to 
460** below zero in the Fahrenheit scale would be required in 
order to compel a mass of heated gas to yield up the whole of its 
molecular motion 'in the form of work. It is a common thing for 
people to say that i lb. of carbon, in burning, gives out heat 
enough to do the work of raising 772 x 14,500 lbs. through one 
foot, and they are apt to disregard the primary condition under 
which this performance would be possible. That condition is as 
hopelessly removed from our reach as if it were to be grasped 
only in some distant planet, and therefore it is better not to give 
any prominence to this mode of estimating the work stored up 
in fuel, but rather to think of it as a conception of the mind, and 
as something quite unreal. 



M£ANING OF THE TERM 'CYCLE.' 

55. At this stage it will be convenient to introduce a technical 
word, namely, a cycU^ and to explain the use made of it 

Def. — ^A series of successive states of the volume and pressure 
of a working gas, which may be represented by a continuous line 
returning into itself, is called a cyde, 

A cycle is reversible when the series of changes of volume and 
pressure can be passed through indififerently in either direction. 

It should be understood that a cycle is the bounding line of 
some definite area, and the important consideration connected 
with it is that the area so enclosed represents either the external 
work done during the series of transformations by the enclosed 
gas ; or, if not, it represents the work done upon the gas while 
carrying through these transformations in a reverse order. 

Furthermore, by the first law of thermodynamics, heat and 
work are convertible the one into the other, whence it follows 
that the area enclosed by the cycle represents also the amount of 
heat expended in doing the work in question. This is universally 
true. If an area represents an amount of work done, it must also 
represent the quantity of heat expended in doing that work. 

Referring to the diagram where the axes are the lines of 
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pressure and volume as in the previous cases, let the point p, 

whose position indicates the pressure 
and volume of a given quantity of 
P gas at a given temperature, trace 

y^ \b out the closed curve a p b p'. That 

curve will record the corresponding 
values of the pressure and volume 
of the gas at any instant, and is 

called a cycle. Also the area m a p b n 

represents the positive work done 

'^' ^^' in passmg through a p b, while the 

area m a p' b n represents the negative work done in passing 

through B p' A, the difference a p b p' being the work done by the 

substance in undergoing the series of transformations. 

The same area might also represent the work done upon the 
substance under altered conditions, and it necessarily represents 
the heat expended in the first case, or that absorbed on the 
alternative supposition, viz., that work is done upon the substance. 

DIAGRAM OF HEAT ABSORBED OR REJECTED BY A PORTION OK 
GAS IN PASSING FROM ONE TEMPERATURE TO ANOTHER. 

56. Let o z', z' T represent the volume 7s and pressure ^ of a 
portion of a gas (say air), at a given absolute temperature t, and 
draw the adiabatic curve t t' r. Let the air expand doing work, 
to a pressure t/ t' and temperature t'. Then lower its tempera- 
ture at a constant volume o 7^, till its pressure falls to f z/, and its 
temperature to f. Compress the air to its original volume o v^ 
as shown by the adiabatic curve ft when its temperature will 
rise to / (suppose), and finally heat the air at a constant volume 
o 2/, till its temperature rises again to the original value t. This 
will form a complete cycle of operations, and, according to the 
principle laid down, the work done by the air during the cycle 
will be represented by the area tt' f t. 

Referring to the diagram where o x represents the line of 
volumes, and oy the line of pressures, we observe that the two 
adiabatic curves approach indefinitely near to the line o x as the 
expansion goes on, and therefore also they approach indefinitely 
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gains heat in passinc; from 





near to each otlier. But the air 
/ to T, and loses heat in passing 
from t' to /', and it is apparent 
that as the expansion goes on 
this lost heat is continually be- 
coming less and less and finally 
vanishes, wherefore the whole 
heat absorbed in passing from 
/ to T is represented by the in- 6 ^ «^ 

definitely prolonged area t r s /, Fig. 30. 

bounded by t / and the two adiabatic curves t r, / s. 

This conclusion follows, indeed, as a corollary to Art 54. 

In like manner if the volume and pressure be caused to vary 
in any arbitrary manner between 
the points a and b, as shown by 
the curve a d b, and the adiabatic 
lines B R, A s, be drawn as before, 
the shaded area adbrs will 
represent the mechanical equi- 
valent of the heat absorbed or 
given out by the substance in 
passing from the state a to the state b, or conversely. 

HEAT ENGINE WORKING BEl^EEN TWO JTXED TEMPERATURES. 

57. It is the property of an engine that it must continually get 
back to a starting-point, and go through all its operations over 
again, and of coiurse it becomes necessary at once to abandon all 
idea of obtaining the work represented by the indefinitely pro- 
longed strip A B R s. A heat engine can only operate in a closed 
c}cle such that the working substance reverts continually to the 
volume, pressure, and temperature which it had at starting. All 
that we can hope for is to obtain as large a slice of the strip a b r s 
as may be practicable under the conditions of expansion which 
the construction of the engine will permit. The method will be 
to travel a certain distance down the adiabatic curve t r, then to 
cross over to another adiabatic curve s/, to pursue an upward 
path through a certain space, and finally to return in some con- 
venient manner to the starting-point. Our hypothesis shall be 
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that the engine works between two fixed temperatures t and / 
(r being the greater), and that the working substance, say air, 
takes in a quantity of heat h at the higher temperature t, and 
rejects a quantity h at tlie lower temperature /, and performs 
external work under these conditions. 

The cycle of operations will be the following : — Starting from 
the point t in the adiabatic curve c s, the air expands through t t 
according to Boyle's law, remaining at a fixed temperature t and 




Fig. 32. 

Uking in a quantity of heat h. It then expands through t / along 
the adiabatic curve a r, doing work, and falling from a tempera- 
ture T to /. It is next compressed along / / at a constant tempera- 
ture /, giving out the quantity of heat h^ and finally it is compressed 
along the adiabatic curve s c from / to t, and returns to its 
original volume^ temperature, and pressure. 

The enclosed shaded area is the indicator diagram of the 
engine, and gives a measure of the work done, or equally, of the 
heat converted into work. 

In truth, the heat taken in along the curve t t is represented 
by the indefinitely prolonged area ttrs, while that rejected 
along //is given by //R s, the difference between the two areas 
marking the conversion of heat into work. 

The problem now in view is to find some relation between 
(h, K) on tlie one hand, and (t, /) on the other hand. 

Let it be granted, as there is no reason to doubt, that if the 
absolute temperature of any uniformly hot substance, such as the 



Diagram of Heat or Work, S7 

working gas or air, be divided into an indefinitely large number 
of equal parts, the effect of each of those parts in causing work to 
be performed will be the same ; and it will follow that if / t be 
made very small at any temperature /", however selected, the area 
T T / / will always bear to the whole area / / r s the same propor- 
tion which T / bears to /. 

In other words if ^ be the quantity of heat represented by the 
area / / r s, and dq that represented by t t / /, the alteration from 
/ to T being represented by dt^ we shall have 

dq _ dt 

or ^ = A /, where a is a constant 

That is the same thing as saying that 
H __ ^ 
T~ /' 
a fundamental relation which is of tlie greatest possible use in this 
theory, and which has been shadowed forth throughout the reason- 
ing of the previous pages. 

It is material to comprehend the exact agency of the heat 
consumed in the operations, and we note that the heat h is taken 
in while expanding according to Boyle's law, and that the heat h 
is given out during a like compression. 

In order to estimate the work done we proceed as follows ; — 

Let J represent Joule's equivalent, or 772 foot-pounds. 

The quantity of heat h is capable of doing the work j h, and 
in like manner the quantity of heat h can do the work j h, 

.'. work done by the engine = j (h-^) = j h /^i— -M. 
But > •= _, 

H T 

.% work done = J h ^i-^ = j h ^I^Q. 

Conceive that an ideal engine worked with ait heated up to 
300** F. and cooled down to 50** R, we should have 
T = 460 + 300 = 760, 
/ = 460 + 50 = 510. 

.% work done = J h C ^ ^5^Q j = ? J h, very nearly. 
V 7"0 ^ 3 
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lliat is to say, our ideal engine, which is absolutely faultless 
in construction, and therefore unattainable, cannot reproduce, 
under the assigned differences of temperature, so much as \ of 
the work which is stored up in the mass of heated air. A practical 
mechanic who is concerned at the statement that the modern 
steam-engine is full of glaring defects, may derive some consola- 
tion from an accurate definition of the limits within which im- 
provement is possible. 

It is hardly necessary to point out that the cycle of operations 
is reversible. Thus we may start from the point t in the line c s, 
travel down it doing work, cross over through // taking in a 
quantity of heat h^ then rise through / t doing work upon the air, 
and pass through t t giving out a quantity of heat H. The work 
done upon the enclosed air would therefore be represented 
by J (h - h). 

58. As an example of a cycle which is not reversible, take the 
indicator diagram of an ordinary condensing engine as given by 
tlieory. 

The steam is supplied at a uniform pressure along ab, it 
expands and does work along b c, its 
temperature and pressure fall suddenly 
^ V as shown at c D, and its pressure re- 

^ \^^^^ mains constant through d e. 

In the reverse operation the steam 
and condensed water should be com- 

-yjoi pressed till its pressure rises through 

Fio. 33. D c, and the water into which the steain 

has been condensed should be reconverted by pressure into steam 
at the temperature at which the expansion during the direct 
working came to an end. This is an impossibility, and an ordinary 
condensing engine is therefore non-reversible. 



ELEMENTARY HEAT ENGINE. 

59. It is convenient to distinguish by a particular designation 
an engine which works under the three conditions now to be enu- 
n:erated, viz., that 
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I. All the heat is taken in at a higher constant temperature T. 

9. All the heat is rejected at a lower constant temperature /. 

3. The cycle is reversible. 

When an engine fulfils these conditions, it is termed an 
dementary heat engine^ and enjoys the property that it cannot be 
surpassed in efficiency by any other engine working between the 
same temperatures ; it is, in fact, an ideal perfect engine, and is 
the model instituted for mental comparison in viewing the per- 
formance of real engines. 



carnot's principle. 

60. At this stage we propose to discuss the principle kid down 
by Sadi Camot in ]8a4. Camot, who was a French officer, and 
son of the celebrated Minister of War under Napoleon, founded 
his theory of heat engines on the erroneous supposition that heat was 
a substance, but his errors were those of a man of genius, and the 
principle which he enunciated is a fundamental truth according to 
the dynamical theory. Writers on the subject of heat tell us 
exactly where Camot was right, and where he was in error, and 
they distinguish and analyse his statements. In the present 
treatise we shall not attempt to follow them, and shaU merely refer 
the student to other sources, such as Maxwell on ' Heat,' for m- 
formation on this point 

Camot's book was entitled ' Reflexions sur la puissance motrice 
du feu, et sur les machines propres \ d^velopper cette puissance,' 
and the idea firmly fixed in the mind of the writer was that tlie 
performance of work should be attributed solely and absolutely to 
the agency of heat. 

The principle of Camot may be stated as follows : — The 
amount of work done by a reversible heat engine depends only 
on the constant temperatures at which heat is received and at 
which it is rejected, and is independent of the nature of the in- 
termediary agent (such as steam, air, &c). 

This principle involves two propositions which are sufficiently 
striking, and the first is that the elementary heat engine heretofore 
discussed, and which took in heat at one constant temperature and 
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rejected it at another temperature also constant, is really and tnily^ 
and in virtue of being reversible^ a perfect engine. That is to say, 
no other engine working between the same temperatures can do 
more work than that performed by this particular engine. 

The second proposition relates to the part played by the work- 
ing substance, and, when rightly understood, may serve to dispel 
a number of erroneous notions which are commonly entertained 
on the subject of steam and vapour engines. The fundamental con - 
ception being that the whole work done by a heat engine is traceable 
to the disappearance of heat, and to that alone, it follows that a 
heat engine is entirely independent of the nature of the substance 
under which it performs its functions. Whether the apparatus is 
a steam, air, or ether-vapour engine is of no consequence wliat- 
ever. That is the correct view, but nevertheless many would 
hesitate to compare the economic advantages of saturated 
steam at a pressure of lo atmospheres with a temperature of 
358^ F., and steam at a prcssiure of (say) two atmospheres, when 
superheated to the same temperature. They would conclude, as 
a matter of course, that the steam at the higher pressure was the 
better working substance. 

And yet we submit that, irrespective of any practical con- 
siderations in the application of steam to working engines, such 
an inference is entirely fallacious. The heat consumed does 
the work, and nothing else is of any avail ; the substance which 
takes in or gives out the heat is like the casing of the cylinder, it 
is matter which must be interposed, but it is not the agent. The 
quantity of heat contained in the substance which fills the cylinder 
is that which alone becomes impprtant, it is that alone which 
is the vera causa of the efficiency of the engine; and we need to 
look only to the temperatures of the source of heat and of the re- 
frigerator in order to discover the work that should be performed. 

Taking the reversible heat engine already discussed and calling 
it A, let it be supposed that some other engine, which works by 
taking in the quantity of heat h at a fixed temperature t and giving 
out a like quantity of heat h at another lower temperature / is 
more efficient, either by some difference of construction or by 
working with some more effective agent such as ether vapour, for 
example, instead of air. Call the second engine d, and let it be 
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coupled to A and drive it in the reverse direction, thereby doing 
work upon, instead of deriving work from, the intermediary 
agent 

The engine b takes in a quantity of heat h at each stroke and 
gives up the portion /; to the refrigerator, and a would do precisely 
the same if it were allowed to work in the ordinary manner. But 
since b works a in the reverse direction, tlie heat consumed in a 
stroke of b is restored to the source again by a, and the coupled 
engine is therefore automatic Since the source of heat loses 
nothing it is clear that the action would go on for ever, but then 
an anomaly arises, for b being more powerful than a, we can 
suppose b to do some surplus work over and above the work done 
upon A. This excess of work done continually accumulates, and 
how is it to be accounted for? It cannot come from the source of 
heat, since that neither loses nor gains anything, and therefore it 
must either be (i) created out of nothing, or (2) it must be taken 
from the refrigerator. 

61. We reject both alternatives : for the first law of thermo- 
dynamics denies the creation of heat, and we announce a second 
law to express the absurdity of the second alternative, viz. : — 

SECOND LAW OF THERMODYNAMICS. 

Second Law. It is impossible for a self-acting machine un- 
aided by any external agency to convey heat from one body to 
another at a higher temperature. 

THE use of high-pressure STEAM. 

62. We are now in a position to form an adequate idea of the 
advantages to be derived from the use of high-pressure steam, 
working expansively, and with condensation. 

As to high pressure and condensation, we may say that a steam- 
engine is a heat engine. It cannot be worked as a perfect engine^ 
and the approach to perfection is aimed at in a somewhat rude 
manner, but the great gain exhibited by theory rests solely upon 
a difference of temperatures, and the wider this difference, the 
greater is the amount of work which can be done. As to expaa* 
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51011, that passes without any contest, the whole theory of heal 
engines is based upon expansive working. And here it may be 
instructive to review the progress made by engineers in the use of 
high-pressure steam without reference to the doctrine that heat 
alone is the agent which does the work. 

It has been stated in Art. 21 that Homblower invented the 
double or compound cylinder engine for expansive working, and 
tliat he intended, as did Watt in his patent of 1 782, to employ steam 
• at or near the atmospheric pressure. The economy resulting from 
the expansion of steam at a high-pressure was, however, first in- 
sisted upon by A. Woolf, a Cornish man, who converted Horn- 
blower's double cylinder engine into a form suitable for driving 
machinery (see Chapter VII.), and erected a so-called Woolfs 
engine working with high-pressure steam and condensation at 
Meux's Brewery in 1806. Woolf entertained the most fanciful and 
erroneous ideas as to the power of high-pressure steam when ex- 
panded, but, although quite wrong in his theory, he persevered in 
the construction of his engines, and erected several which worked 
with steam at a pressure of from 40 to 60 pounds above the 
atmospheric pressure. Down to the year 1814 the pressure of 
the steam in Cornish engines never much exceeded that of the 
atmosphere, and at this low initial pressure there was practically 
but little economy resulting from expansive working, whereby it 
appears that after Watt's immediate connection with the mining 
district ceased, expansion fell rapidly into neglect. Then it was 
that R. Trevethick and Woolf both advocated in Cornwall the 
economy of high-pressure steam with expansion, a mode of work- 
ing which was applied by the former in Watt's single cylinder 
engine and by the latter in the double cylinder engine. 

It was indeed proved that, by the new method, it was possible 
to raise the duty of an engine (see Chapter V.) from 20 millions of 
foot pounds for one bushel of coal (94 lbs.), at which Watt had left 
it, to 50 or 60 millions of foot pounds. This was an extraordinary 
result, and the only question that arose related to the manner in 
which the principle should be carried out. At the present day 
there are often long discussions as to the comparative value of one 
or two cylinders for expansive working, but in Cornwall the 
practice soon settled down into that which has been maintamed 



High Pressure Steam. 93 

irvcr since, viz., the use of a single qrlinder engine with steam at a 
pressure of some 30 lbs. above the atmosphere, and cut off at :Jth 
or ^th of the stroke. 

Note, — In practice, steam at 30 lbs. pressure means 30 lbs. 
above the atmosphere, unless the contrary be expressed. In 
theory, it means 30 lbs. actual or absolute pressure, giving an 
effective pressure of 15 lbs. approximately. 

1. It is now worth while to apply our conclusions as to the effici- 
ency of a heat engine to the case of expansive working, under Watt 
in die first instance, and afterwards under Woolf or Trevethick. 

Watt used steam at atmospheric pressure and condensed at a 
temperature of 100® F- He expanded it (say) four times. 

At that time there was no numerical measure of the conversion 
of heat into work, and the idea of regarding the higher temperature 
of denser steam as entering at all into the question of its economy 
as an agent was not entertained by any engineers. It was enough 
to be satisfied that additional work was obtained from the steam 
before it was thrown away. 

Theoretically, in a heat engine, the working substance should 
expand from the temperature of the source of heat to that of the 
refrigerator, in this case the condenser. That would require, for 
steam falling from 212° F. to 100** F. an expansion to about fifteen 
times the original volume, which of course was impracticable. 

Taking that expansion as accomplished, we should have 
T = 212 + 460 = 672, and / = 100 + 460 = 560. 

.'. greatest work possible = jh ii? s=jHxi. , (i) 

672 6 ^ ' 

2. Takmg a Woolfs engine working with steam at 45 lbs. actual 
pressure, />. at a temperature of 274** F., and condensing at 100** R, 
as before. The expansion should now go on to about 45 times, 
and if that were possible we should have 

work done = jh ^.>»^'~^-^\ = jn x ^ nearly . . (2) 

Referring to Chapter V., we find that with ordinary coal j h 
represents a consumption of ^ lb, of coal per H.P. per hour ; hence 
the above results are (i) \\ lbs. of coal per H.P. per hour ; and 
(2) 1 1*3 lbs. of coal per H.P. per hour. 
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These examples show unmistakably that theory soon leavei 
practice far behind. They are inserted solely with the intention of 
exhibiting the subject from a modem point of view. 

After reviewing the theory of heat engines it must appear to 
be a remarkable thing that the progress in the use of high-pressure 
steam with expansive working and condensation should have gone 
on so slowly. 

In the year 1817 marine engines were worked at a pressure 3 
to 5 lbs. above the atmosphere. In that year an engineer giving 
evidence before a Select Committee on Steamboats took it for 
granted that cylindrical boilers would not be used in steamboats, 
because, as he put it, the most convenient form of the boiler was 
one adapted to the shape of the boat, and the safety depended 
upon the strength of the metal and not upon the form. The 
committee had been appointed in consequence of the explosion 
of a boiler using high -pressure steam on board a vessel at 
Yarmouth ; the boiler was cylindrical, with a flat cast-iron end, 
which gave way. Other engineers who were examined were of 
opinion that ihe steam-pressure in a boiler should not exceed 6 lbs. 
above the atmosphere, and furtlier, that there was no saving to be 
effected by employing a higher pressure. 

When screw ships were adopted in the navy, one of the first of 
the new series of vessels, the * Arrogant,' was designed to work at 
6 lbs. steam pressure ; but the ship was deep in the water, and 
the boiler would not blow off under 7 lbs. It appears that 
Mr. Penn soon went to 10 lbs. and then to 14 lbs. But boilers 
for 1 4 lbs. nominal pressure were capable of supporting 20 lbs., 
and the usual average of pressure came to be about 16 to 17 lbs. 

Within the last 15 years, however, a great change has occurred 
in the construction of marine engines, and it is shown from the 
tabulated results furnished by Mr. Bramwell in a paper on the pro- 
gress effected in economy of fuel in steam navigation, which is 
particularly referred to in Chapter VI 1., that the advantage of using 
steam at a high pressure, with an early cut-off, and as perfect con- 
densation as can be obtained, is now thoroughly recognised. Mr. 
Bramwell gives the experience of 19 engines of ocean steamers, 
with high and low pressure cylinders, working at a steam pressure 
of from 45 to 60 pounds in the boiler with a consumption of coal 
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certainly less than one half that which commonly prevailed in the 
days of single cylinder engines with low-pressure steam and very 
moderate expansion. In like manner the practice with stationary 
engines has improved, so that it is common to hear of engines 
with compound cylinders using steam at 70 to 80 lbs. pressure, 
and consuming J or ^ less coal than was formerly required for ob- 
taining the same amount of work. 

ON AIR ENGINES WORKING WITH A REGENERATOR. 

63. Having investigated the conditions under which an ideal 
heat engine exhibits the greatest efficiency, whereof one is that all 
dianges in temperature of the enclosed air shall be caused 
solely by compression or expansion, we may remark that, in the 
present state of knowledge, no method has been proposed whereby 
the conclusions of theory can be successfully carried out, the 
enormous dimensions which the cylinders would assume presenting 
insuperable difficulties. 

But although the practical obstacles which stand in the way 
cannot be overcome, they may be evaded by a method which per- 
mits of a deposition and a taking up of heat within the interior of 
the engine itself, so that none is lost, the result obtained being 
much better than would probably have been anticipated. 

The artifice consists in the use of a so-called regenerator (said 
to have been invented by the Rev. R. Stirling), which is an 
apparatus employed in various forms, and which was described by 
J. & R. Stirling in the specification of a patent (a.d. 1827, No. 
5,456), for improvements in air engines for working machinery. 

The principle of a regenerator is perhaps most readily exhibited 
by the safety-lamp of Sir H. Davy. It is well known that if a 
piece of wire gauze be brought down upon the flame of a candle 
the flame will be cut off" at the part where it touches the gauze. 
The explanation is that the meshes of the metal wire have rob! )cd 
the gases of so much heat as to lower their temperature below tlic 
point at which ignition is possible. They are not otherwise 
aflfected, and may be at once rekindled on presenting a flame at the 
apper surface of the gauze. 

In its earliest form the Davy lamp was an ordinary lamp, 
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having the flame encased in a cylindrical covered chimney of wire 
gauze. By multiplication of the layers the effect is heightened, and 
we arrive at a respirator for filtering out heat from a warm current 
of air, and heating up a current of colder air sent through in the 
opposite direction. 

The principle here set forth has also been applied in the 
construction of furnaces, where a regenerator is composed of a 
number of open fire-bricks, exposing a laige surface for the 
absorption of heat In such a case the products of combustion 
from the furnace gradually deposit their heat before escaping into 
the chimney, and the end of die regenerator nearest to the furnace 
reaches a very high temperature, while the chimney end remains 
comparatively cool. The direction of the draught is now re- 
versed, and the air for supplying combustion in the furnace is 
drawn through the heated regenerator, while the waste gases are 
led into a second cool regenerator, in order to yield up their heat 
in the manner already described. By alternating the current 
between the two regenerators a great saving of fuel is effected, for 
the furnace is supplied with heated air, and the escaping gases 
deposit a large amount of heat, which is carried back to the fuel 
instead of being wasted. 

The regenerator of a Stirling engine was intended to raise and 
lower very rapidly the temperature of a mass of air, and the 
substance employed for the purpose was the thinnest sheet-iron. 
The area of surface exposed was very large, amounting to as much 
as 3,200 square feet in an air engine of 45 horse power. A 
number of strips of sheet-iron, each 38 inches long and 1} inches 
broad, and of a thickness of -^ inch, were arranged side by side at 
intervals of ^ inch. The narrow passages between the strips 
formed channels through which the air passed in alternate direc- 
tions. If a regenerator were formed of sheets of wire gauze 
placed parallel to each other and separated by non-conducting 
material, it would be easy to conceive that each plate might 
preserve its proper temperature, but where the air passed through 
continuous metal channels it might be thought difficult to maintain 
one end hot while the other was cold. With one engine making 
about 30 strokes per minute, it did not appear that the loss by 
conduction was serious, but the specification of a subsequent 
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patent of 1840 (No. 8,652) for an improved air engine described 
the plates as divided into four or more portions, the object being 
' to diminish their effect in conducting heat from the hot to the 
cold part of the plate- box.' 

64. Two engines have been constructed on Stirling's principle, 
and have worked with considerable success. The first had a 
cylinder 12 inches in diameter, with a 2 feet stroke, making 40 
revolutions per minute, and giving out 21 H.P. The consump- 
tion of coal was 2\ lbs. per H.P. per hour. Subsequently an 
engine of 45 ILP. was set up at the Dundee Foundry, and drove 
all the machinery of the works for a period of three years. The 
cylinder was 16 inches in diameter, with a 4 feet stroke, and 
the number of revolutions was about 28 per minute. The heating 
vessels, however, caused so much difficulty that the method was 
given up. 

DESCRIPTION OF STIRLING'S AIR ENGINE. 

65. Stirling's engine is supplied with compressed air; that is 
an essential condition, for otherwise the power developed would 
be insufficient to move the working parts. In one example the 
pressure of the air varied from 160 lbs. to 240 lbs. per sq« inch, 
the temperature rising to 650° F. on one side of the regenerator^ 
and falling to 160^ F. on the other side. 

The appearance of the engine is that of an ordinary steam 
engine, the usual steam cylinder being converted into an air 
cylinder. Two cylindrical air vessels are connected with the 
working cylinder, one at each end thereof, and they perform the 
double office of a slide valve and boiler. They are of considerable 
size, being more than five times as large as the working cylinder ; 
and it is stated that | of each air vessel is occupied by its plunger, 
which is a hollow vessel, also cylindrical, turned so as to fit the 
interior of the air vessel quite closely, but without friction, and 
having a quantity of brickdust or other slow conductor of heat at 
its base. 

The drawing shows a section of the air vessel a b, with its 
plunger k h ; both are formed of cast iron, and the object is to 
obtain a very close fit between the plunger and the cylindrical 
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casing, so as to prevent as far as possible any leakage of air along 
its sides. The bottom of the plunger is lined with brickdust, and 
a pipe leads from the space k b to a box e f, containing the 

regenerator. Two-thirds of this box 
is filled with plates of sheet-iron, and 
the remainder is filled with a number of 
copper pipes \ inch internal diameter, 
and ^y inch thick, through which cold 
water circulates. The pipes are at a 
distance of -^ inch apart, and form a 
refrigerator for removing any heat 
which has not been previously ex- 
tracted by the cold end of the re- 
generator. Any empty space roimd 
the pipes may be filled wiUi blocks of 
iron or brass. The plate box ter- 
minates in an open pipe e m leading 
to the working cylinder. A fire is 
kept burning under the bottom of the 
air vessel, which is of increased thick- 
FiG. 34. ness at the base. There is a compress- 

ing pump for supplying any waste of air by leakage, the usual 
pressure of the enclosed cold air being ten atmospheres. 

When the plunger is raised it sends a quantity of air from the 
top of the air-vessel through the regenerator into the space K b. 
The air in K B is heated not only by passing through the hot end 
of the regenerator, which is at its base, but also by the heat of 
the fire ; its pressiu-e rises, and it expands so as to produce an in- 
creased pressure along the passage R, which is at once felt upon 
one side of the piston in tlie working cylinder. On the other side 
of this piston is a second similar air-vessel, with its plunger de- 
pressed, whereby heated air has been forced through the re- 
generator into the space corresponding to a h, and has been 
cooled to a lower temperature and pressure, thereby causing 
the pressure on its side of the piston to fall, and the result is that 
we have air at, say, 240 lbs. pressure on one side of the piston, but 
at 150 lbs. pressure on the other side, and that there is an ample 
amount of working power. The peculiarity of the engine is 
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that the enclosed mass of compressed air is divided into two 
distinct portions, a and b, which are in some sense separatCi 
although an open passage leads always from one to the other. 

The mass of air a fills the air vessel and passes to and 
fro through the regenerator. It is heated and cooled alternately, 
and the changes in its temperature give rise to the work done. 
The mass of air b is in contact with the piston of the engine ; 
and since b and a open freely to each other, the pressure of the 
mass B rises or falls with the pressure of the mass a. But that is 
all, for B is a mere carrier of pressure to the piston of the engine, 
and its temperature is comparatively imaffected. 

As to the mechanism of the engine, that is the same as for an 
ordinary steam engine. The only point to be noticed is that the 
plungers of the two air vessels are first worked by hand, in the 
same manner as the valves of a steam engine, and that after the 
engine is fairly started the motion is continued by an eccentric on 
the fly-wheel shaft 

66. It may be useful to give the type of the diagram of energy 
in Stirling's engine, although the subject demands much more 
space than is available in order to examine it thoroughly. Starting 
from the point s, with a mass of air at volume 
o M, and pressure s m, and remembering 
that we are not now dealing with the 
working cylinder — ^for the primary effect is 
modified by the cushion of air, so that the 
diagram in the cylinder would be some- 
what as if that now to be exhibited were 

drawn on an elastic sheet of indiarubbe ^ m N 

and pulled out at two opposite corners — we Fig. 35. 

proceed as follows : — 

1. The air takes up heat in passing through the regenerator, 
and its pressure rises to p m. 

2. The air expands along the isothermal curve p q, for the loss 
of heat in doing work is at once repaired. 

3. The air deposits heat in the regenerator, and its pressure falls 
from Q N to R N. 

4. The air is compressed along the isothermal curve k s, fox 
the heat given out in compression is at once absorbed. 

Ba 
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The shaded area p q r s is the diagram of eneigy, and we see 
that by the artifice employed the engine works approximately 
according to the figure given above, but only approximately, for 
the heating or cooling does not take place exactly at a constant 
volume, and does not affect more than a poition of the enclosed 
air, nor do the expansion and compression occur exactly at con- 
stant temperatures. 

It does not appear that a heated air engine with a regenerator 
has ever taken root, but the principle is established, and accordingly 
the reversible quality of such an engine has been successfully 
applied to that which is somewhat misnamed by its advocates, viz., 
the so-called ' mechanical production of cold.' 

67. In a reversed Stirling's engine the working cylinder is 
converted into a pump driven by external force, and the cool end 
of each air vessel receives a substance from which heat is to be 
abstracted. Referring to fig. 35 we find that — 

1. The air is compressed through q p, and its temperature 
rises. 

2. Heat is then abstracted by a refrigerator cooled by a cur- 
rent of cold water, and further by a regenerator, the pressure 
falling to s M. 

3. The air expands through s r doing work, losing temperature, 
and taking up heat from the substance to be cooled. 

4. It is passed through the regenerator, becoming warmed, and 
its pressure rises to Q n. 

This cycle is continued, and at each double stroke of the pump 
a portion of heat is taken firom the substances in each air vessel 
which are undergoing the cooling process, and is deposited in the 
regenerator, and this goes on until such a difference of temperature 
is set up between the hot and cold ends of the absorbing surfaces 
that the heat taken away from the substances is continually 
restored by conduction through the material of the regenerator. 

In a working engine it has been found that this result takes 
place at a temperature of 50** to 60** below the zero on the 
Fahrenheit scale. 
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CHAPTER IV. 

ON THE CONVERSION OP MOTION. 

68. Ji ST as it is necessary to know something of the theory of 
heat in order to understand die philosophy of the steam engine, so 
also it is essential to pass through some training in the elements of 
the conversion of motion in order to comprehend the mechanism of 
the moving parts. We propose in the present chapter to give a brief 
outline of certain fundamental propositions which will be useful. 

The belief held by the ancients as to the nature of cir- 
cular motion was fanciful in conception, and was obviously unten- 
able. It was said that motion in a circle was simple^ in the sense 
that it was a primary movement, and not made up by putting 
together other separate movements. We, on the other hand, hold 
that the only case of simple motion is that of a point describing a 
straight line with a uniform velocity. Whenever a point deviates 
from a rectilinear path it is, or may be, the subject of two in- 
dependent movements in lines at right angles to each other. 
. It is upon this idea that the whole learning of analytical geo- 
metry is built up. If we wish to repre- 
sent a curve by means of a relation be- 
tween symbols, called an equation to the 
curvey we begin by drawing two lines, 
xox^^y oy , at right angles to each other, 
and employing them as lines of refer- 
ence. 

For example, let the curve be a 
circle whose centre is the point o. ^ 

Take p, any pomt in the curve, and ^'®* 3^* 

draw p N perpendicular to o «: Let on = *, Np = y, oP' 
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Then o n* + n p* = o p* ; or «* + y = a', 

a relation between x^y^ a which is satisfied by points situated in 
the circular curve a p, and by none other, and which is there- 
fore called the equation to the curve. 

The lines x^ y are the co-ordinates of the point p, and the 
axes xox^yy oj/ are the axes of co-ordinates. Also the signs + 
and — are employed to indicate the position of p in any particular 
quadrant ; thus, if p were situated anywhere in the quadrant 
if oy the corresponding values of x and y would both be negative. 
It is to be observed that when p starts from a and travels 
round the circle, the point n follows this movement and makes an 
excursion from a to b and back again from b to a (see fig. 38). In 
other words, n makes a complete double oscillation in the line a b, 
while p describes the circumference of the circle. 

In like manner if we draw p m perpendicular to o y^ we shall 
find that m makes a complete double oscillation in the linej^y, 
while p describes the circumference beginning at a and ending 
there again. And yet there is a marked dissimilarity, as well as a 
resemblance, between the movements of n and m, which should 
now be made clear. 

69. Referring to the drawing, which is sketched from a model 
intended to exhibit simultaneously the motions of the points m 

and N, the firamework 
being left out, we have 
a pin p passing through 
the grooved bars rs 
and T V, which overlap 
each other, and are con- 
nected by slender rods 
sliding between guides. 
Also X and y are small 
balls or index fingers 
traversing over a gra- 
^^®* 37- duated scale, and indi- 

cating the movements of the respective bars. As the pm p 
travels roimd a circular groove a p b e formed in a board, it is 
apparent that x will oscillate to and fro with a motion identical 
with that of n, and that y reproduces the movement of m. 
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Also everything depends on properly timing the rectilinear 
movements. In order to describe a circle, x starts from rest when 
^^ is at the middle of its swing. This is the essential condition ; 
and it is worth notice that if the board with a circular groove be 
replaced by another having a straight line groove inclined at 45* 
to o Xy the two balls will start together from rest, and after preserv- 
ing identical movements throughout will come to rest at the same 
instant, the difference between the times of starting giving a ckcle 
in one case and a straight line in the other. 



ANALYSIS OF CIRCULAR MOTION. 

70. To express analytically the relation between the move- 
ments of the points n and P we proceed as follows : — 

Let AN=:»:, NP= J', op = tf, P0N = 6, 
then AN = 0A — 0N = a — acos0, 

or ^ = tf (i — cos 6) . . . (i) 
whence the position of n is known from 
that of p. 

In comparing the velocities of the same 
points it is usual to refer to the calculus 
and differentiate, when we have : — 




dx . « dd 



Fig. 38. 



dx 



and remembering that velocity of n = -y^* and velocity of 



de 



^ ^ a 7-, it is apparent that 



vd. of N 
vel. of p 



= sin0 



(») 



Equations (i) and (2) contain the whole theory of the subject, 
the first defining the law according to which the point n travels 
along A B, and the second indicating the velocity with which it 
moves at any instant That velocity being variable, its value 
may be most readily assigned by a process in the differential 
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calculus, but it may also be deduced by geometrical reasoning, and 
the student would probably be able to solve the problem for him- 
self now that the answer has been given. 

THE MOTION OF AN INDICATOR PENCIL. 

71. The model serves extremely well to exhibit the combina* 
tion of movements which occur in tracing an indicator diagram. 

For this purpose replace the board with a circular groove by 
another having an indicator diagram traced upon it As the pin 

p travels round the outline 
^1 of the diagram it is ap- 

parent that the index y 
will rise or fall with the 
fluctuations of the steam 
pressure, while the ball x 
moves to and fro hori- 
zontally with a motion de- 
rived from that of the piston 
of the engine, though on a 
diminished scale. Watt's 
first idea was to observe 
only the motion of y^ but the invention was completed by com- 
bining therewith the reciprocation derived from the piston. The 
model presents an image of this combination of motions in a 
manner which renders it perfectly intelligible. 

THE SUN AND PLANET WHEELS. 

72. The sun and planet wheels, as used in the early rotative 
steam engines, were invented by Watt, and were employed for 
converting the reciprocating motion of the working beam of an 
engine into the circular motion of the fiy-wheeL They involve a 
distinct principle in mechanism, which is applied in the construc- 
tion of some governors of steam engines. 

In a note upon this invention Watt says : — * Having made my 
reciprocating engines very regular in their movements, I con- 
sidered how to produce rotative motions from them in the best 
manner ; and, amidst various schemes which were subjected to 
trial or which passed through my mind, none appeared so likely 
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to answer the purpose as the application of the crank in the 
manner of the common turning lathe.' He goes on to say: — * I 
proceeded to make a model of my method, which answered my 
expectations; but having neglected to take out a patent, the in- 
vention was communicated by a workman employed to make the 
model to some of the people about Mr. Wasbrough's engine, and 
a patent was taken out by them for the application of the crank 
to steam engines. In these circumstances I thought it better to 
endeavour to accomplish the same end by other means. Accord- 
ingly, in 1 781 I invented and took out a patent for several 
mediods of produdng rotative motions from reciprocating ones, 
amongst which was the method of sun and planet wheels.' 

It appears that in 1780 a patent (No. 1,263) was granted to 
J. Pickard, of Birmingham, for a ^new invented method of apply- 
ing steam engines to the turning of wheels.' In the specification 
it is stated that a lever, commonly called a crank, is fixed to the 
shaft or arbor of a great wheel, the pin of the crank being inserted 
into one end of a spear or carrier, the other end of which spear is 
connected by a moving joint with the regulating or great work- 
ing beam, and in some cases to the piston, of the fire engine 
cylinder. This is precisely the mode of connection now ordinarily 
adopted 

The drawing shows Watf s invention as specified in a patent 
of 1 781 (No. 1,306). CB is the working beam, and a b is the 
spear or connecting rod ; e is a wheel fixed upon the end of the 
shaft or axis f, which receives the rotatory motion which is com- 
municated to it by a second wheel, firmly fixed to a b in such a 
manner that it cannot rotate. Behind v b there is a heavy wheel, 
G G, having a groove or circular channel around its circumference, 
into which a pin at the back of a enters. The wheels a and s 
are thus kept in gear, and some such precaution is indispensable, 
but instead of the wheel with the groove and pin there may be a 
link connecting a and f. The constraction having been described, 
the specification states that in the working of the engine the 
connecting rod pulls the wheel a up and down; and since its 
teeth are locked in the wheel s and it cannot turn upon its own 
axis, it cannot rise or fall without causing s to turn upon the axis 
r. When the two wheels a and e have equal numbers of teeth the 
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wheel B makes two revolutions on its axis for each stroke of the 
engine. 

In proving this result we shall assume that an imaginary arm 
connects the centres of the wheels a and e. 

Let E make x revolutions in one double stroke of the piston; then 
the arm makes one revolution in the same time, and the wheel a 
remains practically at rest. Therefore e makes x—i revolutions 
relatively to the arm, while a makes o— i relatively to the same 




Fig. 40. 

arm ; also e and a are two equal wheels in gear, and consequently 
their relative rotations are equal in amoimt and opposite in sign. 
It follows that 

— i=s ^Hl. /, ^— I ■= I, or^= 2. 

JC— I 

That is, the wheel e makes two revolutions while the wheel ▲ i£ 
carried once round it 
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After explaining the contrivance Watt makes one most impor- 
tant observation : — * And in order that the motion may be more 
regular I fix to or upon the shaft or axis f, or to or upon some 
other wheel or shaft to which it gives motion, a heavy whed or 
fiyeTy to receive or continue the motion communicated to it by 
the primaiy movement' And further, that in the cases to which 
this method may be applied, *a flyer or heavy rotative motion 
should be applied in order to equalise the motion.' 

The heavy wheel or flyer is the fly-whed which gives smooth- 
ness and r^;ularity to the motion of the shafting employed for 
driving the machinery of mills. 

THE CRANK AND CONNECTING ROD. 

73- We pass on to analyse the conversion of circular into 
reciprocating motion by means of a crank and amnecHng rod. 

A crank being a lever or bar movable about a centre at one 
end, the connecting rod may be a bar attached to a sliding piece 
moving between guides, as in an ordinary direct acting engine. 




Fro. 41. 

Let c p represent an arm or crank centred at c, and attached 
by means of the connecting rod p q with a point q constrained to 
move in the straight line c d. 

Drew FN X^'tocQ, andletcp = <i, pq=:^,pcas=:6, pqas^ 
Then cq = cn + nq 

■c <i cos 6 + ^ cos ^ 

But5!5i = ?/.8in^ = ^sine, 
sm 6 ^ ^ ' 

whence cos ^ = a/i — %> sin* a, 
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/. CQ =? tf cos 6 + ^^• — a» sin* a, 
which gives the relative positions of q and p at any instant. 
Cor. I. Let 6 = o /• c d = <i + ^, 
6 = IT .% c E = — <i + ^, 
whence DEssCD — CEssaa. 
Fhe length d b is called the throw of the crank. 
Cor. 3. If we refer the motion of q to the point d we have 

DQ = CD*CQss<| + ^*<IC0S6 — ^COS^y 
or D Q = <l (l — COS e) + ^ (l — COS 0). 

This result might have been predicted beforehand, for it is 
evident that the circular motion of p round the fixed point c carries 
Q through a space a (i — cos 0), and that in the same time p is 
describing a circular path round the moving point Q, whereby, 
after completing the arc h 0, it superadds the space ^ (i — cos ^). 
In other words, the circular motion of p round c gives rise to the 
ordinary reciprocating motion represented by a (i — cos 6), while, 
at the same time, the swinging of p q through an angle ^ superadds 
an inequality represented by ^ (i — cos ^), 

Cor. 3. As ^ becomes more nearly equal to a the inequality 
will rise in importance, and the particular case where b is equal to 
a should be noticed. In that case sss 6 •% d q = 2 <i(i — cos 6). 

Let 6 =— /. cos 6 = 0, and d Q = 2<i. 
2 

The conclusion is that the inequality becomes so great that 
the motion fails. The point Q would move up to c when the 
crank had revolved through 90^, and cp and pq would then 
rotate round c as one piece, the movement of Q along d c having 
come to an end. 

Cor. 4. The relative velocities of p and Q should be in- 
vestigated, because a comparison of their values at any instant will 
afford a comparison also of the pressures doing work at these 
respective points. 

Let D Q = ^, then jp = ^r + ^ — a cos 6 — ^ cos 0, 
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A *cos #^ = a cos a -^ 

_ g sin (Q + ») ^ 
cos ^ * df 
^ vd.ofQ ^ sm(e + »X 
veLofp cos^ 

watt's parallel motion. 

74. Hitherto we have described the piston and pump rods of 
an engine as being suspended by chains from the great working 
beam, a state of things which might have been tolerable in a 
single acting engine, but which was an absolute bar to the appli- 
cation of this type of engine for driving machinery. The idea of 
the necessity of a beam as part of a steam engine having ap- 
parently been adopted by the first makers of engines, it was, 
as Mr. Bramwell has pointed out, extremely difficult to per- 
suade them to get rid of this particular construction and to set 
to work on any other method. 

And indeed one cf Watt's first inventions in mechanism, and 
probably that which he regarded with more satisfaction than any 
other, was a combination of linkwork for enabling the piston to 
act ' both by pushing and by drawing,' as he expressed it, on the 
working beam or great lever of an engine. The contrivance is 
described in the specification of a patent of 1784 (No. 1,432) to J. 
Watt, for * improvements in steam engines.' The patentee states : — 
' My second new improvement on the steam engines consists in 
meUiods of directing Uie piston rods, the pump rods, and other parts 
of these engines, so as to move in perpendicular or other straight 
or right lines without using the great chains and arches conunonly 
fixed to the working beams of the engines for that purpose, and so 
as to enable the engine to act on the working bedims or great 
levers, both by pushing and by drawing, or both, in the ascent and 
descent of their pistons. I execute this on three principles. . . . 
The third principle, upon which I derive a perpendicular ox 
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right-lined motion from a circular or angular motion, consists in 
forming certain combinations of levers moving upon centres, 
wherein the deviation from straight lines of the moving end of 
some of these levers is compensated by similar deviations, but in 
opposite directions, of one end of other levers/ 

The annexed sketch is taken from the original drawing de^ 
posited in the Patent Office. 

A B is the working beam of the engine, the piston rod or air- 
pump rod being jointed at p to the rod b d, one end of which is 
attached to an iron bar, c d, centred on a fixed support at a 




Fig. 42. 

As the beam oscillates the point b describes a circular arc on 
the centre a, and the point d describes a like arc on the centre c, 
' and the convexities of these arcs, lying in opposite directions, 
compensate for each other's variation from a straight line, so that 
the point p, at the top of the piston rod, which lies between these 
convexities, ascends or descends in a perpendicular or straight line/ 
This is Watt's account of the invention, and for full details we 
refer the student to practical treatises. At present it may suffice 
to discuss one or two geometrical propositions which place it 
in a clearer light. 

75. In order to simplify matters we will examine the case 
where a b = c d. 

Taking a and c as the centres of motion, and b D the con- 
necting link, we observe that b describes a circular arc with its 
convexity turned to the right, and in like manner d describes 
an identical circular arc -with its convexity turned to the lefL 
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Some point in b d will describe a straight line, and our object is to 
find its position. Now b d manifestly begins to shift in the direction 
of its length, and hence the required line will coincide with the normal 
position of b d. It is also evident that the point p, which most 
nearly describes a straight line, must bisect b d ; for the end b is 
describing a circle round a, and the end d is describing a circle 
round c, and it is only at the centre of b d that the tendency to 
describe a curve with a convexity approaching that of the path of 
B is or can be neutralised by the tendency to describe another 
curve with an equal convexity in the opposite direction, due to its 
connection with the arm c d. 





Fig. 43. Fig. 44. 

The defect of the contrivance is, that when the motion is 
pushed to an extreme degree, so that the connecting link tends to 
come into a line with either arm, the point p deviates sensibly into 
a curved path. By carrying b d round as far as it will go we obtain 
the figure in the sketch, which is made up of two intersecting 
straight lines (or lines not sensibly deviating therefrom) running 
into curved loops. 

In truth, this is not exact straight line motion at all, and the 
path of p, even where it is apparently most accurate, only ap- 
proximates to ideal excellence. But it is sufficiently near the 
truth for all practical purposes, and there appears no indication of 
any better or simpler combination for producing the same result 
An exact straight line motion has, indeed, been discovered, and 
will be discussed presently, but it requires seven bars instead of 
three only for producing the motion in its mot simple and 
elementary form. 
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In practice the beam of an engine seldom swings through an 
angle of more than 20^ on each side of the horizontal line, and 
within that limit the deviation of the so-called parallel point p 
from a true rectilinear path is quite inconsiderable, as may readily 
be shown by analysis or verified by construction. Before entering 

upon a technical demonstration it 
may be useful to refer the student to 
fig. 45, which is intended to confirm 
the correctness of the previous reason- 
ing, by showing the manner in which 
the first regular looped diagram is 
distorted and affected by placing the 
pencil at the point p unduly near to 
the extremity d. The influence of 
the curvature which attaches to the 
path of D is now quite apparent, and a like distortion in the op- 
posite direction would occur if the describing point were carried 
towards b. 

76. In like manner, if ab and cd are unequal, ab being 
greater than cd, the path of the point p will, if in the centre of 
b D, be unduly affected by the increased convexity due to its con- 
nection with the shorter arm ; and in order to escape from this 
effect it will be necessary to move p away from d, and to bring it 
nearer to a b. 

It is pretty clear, since we are dealing with circular arcs, that 
the point p must now approach b in a proportion identical with 
that given by comparing a b with c d, or that we should have 

^p CD . c r 
-^ = — as m fig. 46. 
a? AB 

It is easy to construct models and to verify the principle of 
Watt's parallel motion, when it will be found that the point p must 
be kept away from the shorter arm. 

The analytical proof is the following : — 

Refer now to fig. 46, and suppose the rods to be moved 
from the position a b d c into another position, Kbdc Draw 
b m, dn perpendicular to a b, c d, respectively, and let p-be the 
point in B D which most nearly describes a straight line. 
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Let AB =r, ^p = ;c, BA^ = a. 

CD = J, Pflrr=_y, DCflTsi ^ 

V\^e shall suppose in what follows that the motion of 4 b and c d 
is restricted within narrow limits, and shall deal approximately with 
our equations by substituting for the sine of an angle the cone 
sponding value of its circular measure : — 

Thenf = 4^ = ^-^ 



- cos e) 
cos <t>) 

2 sm' - 



-'^ 



=rx 



' a sm» f 

a 

:j:^nearly 




But the link itself begins to move in the direction of its length, 
whereby, as a first approximation, its angular motion may be dis- 
regarded, in which case bm^=^dn,oxrB^=^s^ nearly. 

** y s f^ r 

or^^e? 

Vd AB 

that is, the point ? divides b d into two parts, which are inversely 
as the lengths of the nearest radius rods. 

Cor. I. If A B and c d are so placed that their centres both lie 
on the same side of b, it will be found that p lies in b d produced, 
but we shall still have bp:dp::cd:ab. 

Cor. 3. If it be desired to calculate the amount of deviation of 
the path of p from the normal direction of d b we shall con- 
fine tfie investigation to the case where a b = c d. 

Let D B move into the position bd hy shifting vertically and 
rotating through an angle a. 

dk — B/« 



Then deviation of p : 



«= - (cos 6 — cos ^) • . . (i^ 
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Also let B D = /| then I •\' mb^s^lzo^a-k- dn 
or / + r sin s / cos a + ^ sin ^ 

••. r sin ^ =s r sin ft + / (i — cos a) . . . (a) 

Again, /a = b w + d « very nearly 

sss r (i — cos 6) 4- f* (i — cos ^) 
= 2 r (i — cos d) nearly. 

/. a = ?il (i — cos e). 

By substituting this value of a in equation (a) we can deduce f 
mth considerable accuracy, and calculate the required deviation 
of p. 

Ex. — Let 6 = -, and assume r = j = 50 in., /=-3o in. 
9 

/. tt = y ('0603074) =s '2010247. 

Or a represents an angle of 11^ 31'. 
.% sin ^ = sin 20 + f (i — cos 11** 31') 
= -3420201 + f ('0201333) 
= -3541001. 
•*• ^ represents an angle of 20^ 44' nearly. 

Hence deviation of p = V (cos 20 — cos 20® 44') 
= 25 (-0044544) 
=s ^ inch approximately. 

It may be shown that this amount of deviation is again capable 
of reduction, if we cause the centres of motion, a and c, to ap- 
proach each other by shifting tliem horizontally through smaJl 
spaces, the angles a b d and c d b being thus rendered each a 
little less than a right angle. This is a well-known artifice 

SCOTT RUSSELL'S .STRAIGHT UNB MOTION 

77. Another straight line motion has been suggested by 
Mr. Scott Russell as applicable in the conversion of reciprocating 
into circular motion in Uie case of steam engines. We propose to 
discuss it, not on account of its utility, for there would probably 
be some difficulty in finding an example in a working engine, but 
because it forms a step in the progressive stages which carry U8 to 
the complete solution of the problem of drawing a straight line. 
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Some very useful combinations in mechanism may be derived 
from propositions in Euclid by simply arranging a diagram model 
with movable joints. 

For example, the angle in a semicircle b a right angle. 
Talung this proposition, let bad be a right angle, bd a rod 
forming the diameter of a circle 
BAD whose centre is c, and jointed 
to A by a link a c 

If the end b be constrained to 
move in the horizontal line ae the 
point D will traverse the vertical 
line af, in virtue of the property 
that the angle in a semicircle is a 
right angle. 

In this way a straight line motion 
is obtained, but it is not exact, being 
simply a copy of the truth of the line ^^®* 47* 

AB. In practice a b would be the surface of a so-called 'true 
plane,' upon which b would slide, and the truth of the line f d 
would be the same and no greater than that of the approximate 
plane. Mr. Scott Russell's idea was to connect the end of the 
piston rod with the point d, and to adapt this construction to any 
given engine. 

78. The previous proposition has commended itself also to 
an inventor, J. Booth, who took out a patent in 1843 (^o. 9,834) 
for a 'means of converting rectilinear into rotatory motion or the 
converse.' 

Since the point a is fixed and a c remains constant, it follows 
that the centre, c, of the given circle will itself describe another 
equal circle round the point a« Whence, if f h, s k be two rect- 
angular grooves, divided at a, and the ends of the bar b d be pro- 
vided with pins running in the grooves, the rotation of CA will 
cause D to slide up and down in f h, while b slides to and fro 
along b k. 

In like manner if the end of a piston rod moving in a vertical 
cylinder be connected with d, and there be a flywheel to carry 
the crank c a over the dead points, we should have a combination 
capable of application to a steam engme. 

T 9 
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Recurring now to Art 73, Cor. 3, we can extricate the move- 
ment from the failure there pointed out, and shall obtain the 
singular result that the throw of the crank becomes doubled. 

As before, let the point b move to and fro in the line e k, and 
instead of working with a crank a c and a connecting rod c b 
produce the connecting rod b c to the point d, making c d = c b. 
Then attach a pin at the end d and supply two vertical grooves in 
the line h f, leaving a break about the centre, a. 

If now we rotate the crank c A round the centre of motion a, 
it will be found that b oscillates through a space equal to 2 b d, and 
that the throw of the crank is 4 a c There is a model showing 
this result in the collection of apparatus belonging to the School 
of Mines. 



GRASSHOPPER ENGINES. 

79. A modified form of Mr. Scott Russeirs arrangement was 
carried out many years ago in the marine engines of a vessel 
named the ' Gorgon,' and may be met with in an analogous shape 
in small engines, which are convenient in the workshop, and are 
known as ^grasshopper engines.' The device has been to replace 
the slide on which b moves by a lever centred at some distance 
below it, whereby b describes the small arc of a circle which is 
approximately a straight line. 

Here the point f is attached to the end of the piston rod, also 




^o 
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A and o are fixed centres of motion, and b is connected with o by 
the arm o b. We will take the case when c f and c b are unequal 
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Draw c R X*^ A B and c v X*" f l, which latter line is the direo* 
tion of the piston rod 

Let AC = <l,CB = ^, CAB = 0, 
CF = ^, CBA=^. 

Then AR = acos6 = a[i j nearly, 

cv=^cos = ^ (i — ^] „ 

/. AL = a — ^ — — - + -^ 
2 3 

But A L = ^j — ^, since f describes the line l f, /. — = JL 

a 2 

Also ^ = '4B-t = t nearly, 
* sin d 6 ^ 

.\ a y. ^ ^ b «•, orx^ = adf 

which determines the position of the point b, when the motion is. 
correctly performed 

In a grasshopper engine b f is the working beam, and b o is a 
vibrating pillar at one end ; the piston rod is attached at f, and 
the connecting rod is jointed at a point intermediate between c and 
B, The great advantage, besides compactness of form, is that the 
power and the resistance act on the same side of the fidcrum of the 
working beam, and that the friction thereon is correspondingly 
reduced. It is an objection to an ordinary beam engine that the 
power and the resistance act on opposite sides of the fulcrum, 
whereby the resultant pressure influencing friction is the sum of 
these forces, instead of being only their difference ; or, to sute the 
matter differently, in one case the beam is a lever of the second 
order in the other case it is a lever of the first order. 

PEAUCELUER'S exact STkAlGHT LINE MOTION. 

80. The important discovery of the method of drawing a 
straight line by a combination of bars jointed together, and some 
of which are movable upon fixed centres, was first made public 
in the year 1864 by M. Peaucellier, an officer of Engineers in the 
French army. 
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The combination consists of seven bars, as in fig. 49, whereof 
C R s c s, c beinga fixed centre of motion ; s d = ^ d c, the point 




Fig. 49. 

B being a fixed centre of motion ; and fr = rd = ds = sf, the 
whole of the respective bars being so jointed at their ends as to 
permit perfect -fireedom of motion in the plane of the paper. 

If the system be moved within the limits possible by its con- 
struction the diamond-shaped figure f r d s will open out or 
close up, the points r and s will describe circles about c, and the 
point D will describe a circle, which, if completed, would pass 
through the point c, but f will describe an exact straight line. 

To prove this we refer to fig. 50, where the bars have been 
moved upwards, one half of the combination being left out for 
greater simplicity in the diagram. 




Fia 5a 
Join c P and produce it to q, and draw r n X' p <^ 

LetCR = ^, PR = ^, PN = NQ = ;C, NR =b^. 

Then c^ ^y^ + (jc + c p)« 

/. ^— ^' s= C P* + 2:1: X C P 
= C P (C P + 2JC) 
= CP X CQ. 
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When the rods are in the normal position, as shown in fig. 49, 
let Q be at the point f. Join f q and p d. 
Then by parity of reasoning we have 

CD X CF = ^ — ^ = CPX CQ. 

•% c D : c p : : c Q : c F. 

Hence in the triangles c q f, c d p there is one angle common 
to each, viz., the angle Q c f, and the sides about this common angle 
are proportional ; therefore the triangles are equiangular and the 
angle c p d = angle q f c (Euclid, book vi. prop. 6), 

But c p D is the angle in a semicircle, and is therefore a right 
angle ; hence q f is X*^ c f, and Q lies always in a straight line 
through F, which is at right angles to c f. 

Hence the point q moves in a straight line. 

81. It is universally admitted among scientific men that this is 
a discovery of the highest value as a contribution to the science 
of geometry, and the student will do well to examine it carefully in 
detail. For this purpose he should take the combination when 
unfettered by the bar d e, and should establish by trial the relation 
between the sides, viz. : — 

CD X c F = c R* — R d". 

It is u$ual to call the figure f r d s a celi^ the points d and f 
being the foUs of the cell, and the arm e d being introduced 
simply to control the motion. 

Thus, if the pole d describes a circle of any given radius round 
some point in the direction of d c, the pole f must of necessity 
describe another circle whose centre lies also in the same line — it 
oiay be that these fragments of circles have their convexities in the 
same or in opposite directions. All that is a matter for trial or 
study. And again, the relative sizes of the circles will vary, so 
that it becomes possible to draw an arc of a circle of almost any 
required radius. 

The case in the text is where these two circular arcs, 
which always co-exist when £ d is centred at some point 
E in D c, or that line produced, are so related that the radius of 
one of them becomes infinite. 
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DUPLICATE STRAIGHT LINE MOTIONS. 

83. In the application of Watt's parallel motion to the steam 
engine it became necessary to provide for two parallel points, as 
they were called, one for the attachment of the piston rod to the 
beamny and the other at the end of the air-pump rod. 

Watt solved this problem in an admirable manner by in- 
corporatmg into his combination a jointed parallelogram, which 
gave a means of obtaining two, three, or any number of points 
severally describing straight lines. 

In order to understand the contrivance we require in the first 
instance to know when two curves are similar, and in a treatise 
on Newton's * Principia ' the test of similarity is stated as follows ; — 
* Two curves are similar when there can be drawn in them two 
distances from two points similarly situated, such that if any two 
other distances be drawn equally inclined to the former the four 
are proportional.' 

We come now to another example of the value of a movable 
geometrical figure. 

Let B D f £ be a jointed parallelogram with any given sides. 
Produce ef, eb to convenient lengths and take a as a fixed 

centre of motion. Draw any line 
A p Q, through A, as shown, meeting 
E F in Q and b d in p. It wiQ be 
found that p and q describe similar 
curves. This is evident, for 
ap:aq = ab:ae, 
and if b and e originally occupied 
the positions h and k we have also 

Tj»_^ a. A B J A E sss A H S A K. 

rio, 5I« til, 

and AP, AQ both make the same 
angle with A k, whence p and q always fulfil Newton's condition 
of similarity. 

Cor. If p describes a straight line Q must do the same. 

Note. The jointed parallelogram appears also as a veiy useful 
drawing instrument, called a pantography and employed for pro- 
ducing enlarged or reduced copies of plans or drawings. For this 
purpose a centre is fixed at a, and pencils are inserted at p and Q 
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Fig. 52. 



To recur to the parallel motion of a beam engine. It is a 
conmion construction to make the arms a b, c d equal to each 
other, A being the centre of the working beam, and c bemg 
a fixed point for the attachment of the 
rod c D. In such a case the end of the 
air-pump rod is jointed to the middle of ^ 
B D, and the parallelogram d f is added 
by taking b f = a b, the end of the piston 
rod being jointed at the angle b. 

If c D be not equal to a b, it will be 
necessary to find b f by calculation, in 
order that the second parallel point may 
lie at the vertex, b. 

Thus, let A B = r, c D = J, B F = .r. 

Then — = — = — by property of the parallel motion ; 

s 

Hence the complete arrangement consists of two distinct 
portions incorporated together in the manner pointed out 

The same construction is direcdy applicable to Peaucellier's 
straight line motion. 

Taking the ordinary combination, produce the lines c R, c s to 
the points h, l, making c h «= c l, and add two bars, h t, l t, (tf 
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such length that they are respectively parallel to R p and sp. This 
paralleli^ must necessarily continue throughout the motion, and 
it follows that if ? Q were drawn parallel to h r we should have 
an actual pantograph connecting p and t, just as Watt made it 
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Hence p and t must describe similar paths, which in this case are 
straight lines. 

For a compound cylinder beam engine, that is, an engine 
having two steam cylinders placed side by side under the same 
working beam, it is necessaiy to provide that three points shall 
respectively describe straight lines. The arrangement for effecting 
this object will be understood from Fig. 54. 

The line a f represents one-half of the woiking beam, the 
centre of motion being at a. There is also the primary combina- 
tion of two equal arms a b, c d, with the connecting link b d, and 
the guiding parallel point is at r, the middle point of a d. 




Fig. 54. 

The parallelogram f b d p is the added portion, constituting the 
pantograph ; and the lengths of the respective lines being so chosen 
that A R, when produced, meets f p at the angular point p, it fol- 
lows that p also describes a straight line. Also if any interme- 
diate jointed bar, such as h l, be interposed between b and f, 
so as to be parallel to b d or f p, it is apparent that the point q, 
where h l is intersected by a r, will fall under the same geo- 
metrical conditions as the point p, and will describe a straight line 
similar to the path of r. 
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CHAPTER V. 

THE INDICATOR, AND DETAILS OF CONSTRUCTION. 

83. In eveiy branch of science our knowledge increases aa 
the power of measurement becomes improved ; and we have now 
to discuss, in the first instance, the measuring instrument pecu- 
Uarly appropriated to the steam engine, viz., the indicator invented 
by Watt The student must thoroughly understand the reading of 
an indicator diagram before he can appreciate the reasons for the 
various methods of construction adopted with reference to some 
of the working parts of an engine. 

We begin with a few observations as to the mode of estimating 
work which is adopted in this country. 

THE HORSE-POWER AND DUTY OF A STEAM-ENGINE. 

84, Work is done by a force when some resistance is over- 
come, whereby the point of application of the force is continually 
moved, notwithstanding the resistance. 

The most simple case is where the force is constant and the 
direction of motion is in the line of direction of the force. The 
work done will thus be expressed by the product of the force, or 
resistance, into the space described. 

Definition, — ^The unit of work is the work done in lifting one 
pound through a height of one foot, and is called z,foot'poufid. 

The number of units of work performed in a given time, say 
one minute, is a measure of the efficiency of the agent employed. 

Watt estimated the work of a horse for one minute at 33,000 
foot-pounds, and this estimate is adopted by universal consent, 
though it is too large. For estimating the work performed by a 
steam-engine the standard of measurement is technically termed a 
horse-power^ and is 33,000 foot-pounds. An engme which' raises 
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33,000 pounds through one foot in one minute is said to exert 
one horse-power, and its rate of doing work is determined 

When an engine is at work for a length of time it has been 
customary to estimate its performance by a still larger standard. 
Thus the term duty is applied to indicate the number of millions 
of pounds raised through a height of one foot by the burning of 
one bushel of coal. 

In Cornwall a bushel of coal weighs 94 lbs., whereas in New- 
castle it weighs 84 lbs. Hence, for the sake of uniformity, the 
measure has been altered by substituting ' one hundred and twelve 
pounds * for ' one bushel ' of coaL 

But this measure, though suitable for estimating the work 
done by pumping engines, is not convenient for other purposes, 
and it has become the practice to estimate the performance of an 
engine by ascertaining the number of pounds of coal burnt per 
hour for each horse-power at which the engine is working. This 
gives a useful measure in small numbers, easily remembered. 

It has been a common performance with steam engines to 
bum 4 lbs. of coal per horse-power per hour ; and in order to form 
an idea of the numbers which would probably be met with, we 
deduce the duty of such an engine as follows : — 

Ex. — Let the duty be estimated by the burning of 112 lbs. of 
coaL Then 4 lbs. does the work represented by 60 x 33,000, 
or 1,980,000 foot-pounds per hour. Therefore 112 lbs. does 
the work represented by 1,980,000 x 28 foot-pounds, 
or duty of engine = 28 x 1,980,000 ft-lbs. 
= 55,440,000 ft. -lbs. 

This being so, it follows that the duty of an engine which 
bums I lb. of coal per H.P. per hour is four times as great, or is 
represented by about 222 millions of foot-pounds. 

85. The progress made in the economy of fuel by successive 
improvements in the steam engine may be readily traced by com- 
parison of the number of pounds of coal burnt per H.P. per hour. 
Thus, in Smeaton's early engines on Newcomen's principle the 
consumption was 2976 lbs. of coal per H.P. per hoiu:. In his later 
engines it was improved to 17*6 lbs. 

The reported duty of Cornish pumping engines has shown a 
consumption of 10*87 lbs. in the year 181 1, 173 lbs. in 1842, and 



Work Done by an Engine. 125 

of 2*90 lbs. in 1873. It is said that Watt began with 8*3 lbs. and 
went on to 27 lbs. 

As already stated, before the year 1863 the average consump- 
tion of coal in the best marine engines was 4^ lbs. per H.P. per 
hour. In the year 1872 it appeared, from a comparison of nine- 
teen ocean steamers, that the consumption had been reduced to an 
average of 2*1 1 lbs., being a saving of 50 per cent 

Here we may notice the theoretical capability which engineers 
sometimes attribute to fuel Thus, in commenting on the pre* 
vailing waste of coal, Mr. Siemens (1872) has remarked: — 

' One pound of ordinary coal develops in its combustion 
12,000** (Fahr.) units of heat, which, in their turn, represent 
12,000 X 772 ft.-lbs. pf work (9,264,000 ft-lbs.), and these repre- 
sent a consumption of barely \ lb. of coal per indicated horse- 
power per hour \ whereas few engines produce an indicated horse- 
power with less than ten times that expenditure, or say 2^ lbs. of 
coaL' 

The estimate of \ lb. of coal per H.P. per hour may be arrived 

at as follows : — Since 9>^ 4>ooo ^ 2807, it appears that the per- 

33»ooo 
formance would be to that of an engine burning i lb. of coal per 
H.P. per hour as 2807 : 60, which is somewhat greater than 4 to i. 

We have seen in the third chapter the true meaning which is 
to be attached to such observations. A pound of coal can only 
do work by the operation of a heat engine, its function being to 
store up heat in a gas which does work by expanding between 
two given temperatures. 

Let the pound of coal supply without any loss steam at 300 lbs. 
pressure to a perfect engine where the condenser is at a tempera- 
ture of 100** F. The temperature of the steam will be 41 7° F. 

Thus, work done = ^^^^ J" = 1^ JH = ^ J H. 

877 577 II 

Now, JH represents ^-^ H.P. for i lb. of coal. A j h re- 
00 II 

presents 17 H.P. for i lb. of coal Also 2 J lbs. of coal for i H.P. 
is the same as i lb. of coal for - H.P. Hence the comparison 
lies between i lb. of coal for 1 7 H.P., and i lb. of coal for -4 H.P,, 
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which ntunbers are as 17 : 4, being a little more than 4 to i, in 
stead of 10 to i. 

In truth, we begin by throwing away 1- of the whole heat, 

which passes into the condenser and is lost ; and indeed we are 
constrained to work between temperatures which lie within mode- 
rate limits of difference, for which reason it becomes hopeless 
to refer to the whole heat as a standard. 



IMPROVEMENTS IN THE INDICATOR. 

86. The indicator, as originally constructed, was not in a form 
convenient for use, and it has been modified and improved by 
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Tarious makers. The first obvious change has. been to replace 
the fiat* board by a cylinder enclosing a spring. The cylinder is 
caused to reciprocate through one turn by the pull of a string 
attached to some piece whose motion is identical with that of the 
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piston, and it returns with a corresponding movement, whereby 
a diagram is traced upon a sheet of paper wrapped round the 
cylinder, just as in the former case. ' 

Another improvement consists in reducing the motion of the 
piston, and magnifying that of the pencil It is manifest that 
when steam at a high pressure is suddenly admitted into the 
cylinder of the instrument the pencil will rise with a jerk, and will 
oscillate with a tremulous motion during the time that it ought 
to be descending smoothly according to the curve of expansion. 
The result will be a wavy line instead of a regular curve, being the 
veiy defect which Watt said was sure to occur when the steam 
pressure was read by a mercurial gauge. The jumping up and down 
of the pencil has proved a source of great annoyance in practice, 
so that thoroughly good diagrams could scarcely be obtained from 
fast-going engines. However, Mr. Richards has overcome the 
difficulty by diminishing the piston-stroke and multipljdng the 
travel of the indicator pencil, so as to bring it up to the original 
standard. He supplies a stronger and shorter spring than that 
used in an ordinary instrument, and the vibrations become incon- 
siderable. The drawing shows the improvement, and furnishes 
an illustration of a useful adaptation of Watt's parallel motion : — 




Fio. 5d. 

Two equal barsA b and c d are connected bya link d b carry- 
ing a pencil p at its middle point p. The piston rod e r is attached 
bya link r s to a point s in c d, such that c s = ^ cd. Also when 
A B and c D are in the position of rest, as in the sketch, it will be 
found that R s is parallel to d b, and that c r p is a straight line. 

It follows that, just as in the duplicate straight line motion of 
Peaucellier, the pantograph exists in a disguised form. Thus the 
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points R and p necessarily both describe straight lines, which are 
similar paths ; and SR and dp, being parallel at starting, mast 
remain so throughout the motion. They would be kept parallel 
to each other if the pantograph were constructed, and they remain 
parallel in virtue of the motion, which is that due to a pantograph, 
and not to be distinguished from it 

Hence, travel of p : travel of r = cd : c s. 

In the indicator, as constructed, the movement of R is magni- 
fied about^^r times. 

It should be understood that the frame carrying the parallel 
motion bars is attached to a collar which can be rotated on the 
cylinder, whereby the pencil is readily brought up to the paper 
or removed from it 

DIAGRAM EXHIBITING THE RELATION BETWEEN THE PRESSURE 
AND VOLUME OF SATURATED STEAM. 

87. Hitherto we have spoken of the expansion of air either 
according to Boyle's law or in an adiabatic curve, but in ap- 
plying the results of experiments on the eicpansion of steam to a 
practical use it becomes important to regard the behaviour of that 
particular substance from another point of view. 

It has been shown that the pressure and temperature of satu- 
rated steam rise conjointly, tliough not in the same degree, and 
tables have been formed expressing the relation between the 
pressure, volume, and temperature of saturated steam. It will be 
borne in mind that steam in contact with the water from which it 
is generated is called saturated steam ; and further, that when 
saturated steam at a high pressure expands while doing work its 
temperature falls, and a portion of the steam is re-converted into 
water. Furthermore, if we operate with saturated steam at a given 
temperature and endeavour to compress it, we may reduce its 
volume, but we cannot increase its pressure. Each temperature has 
its own corresponding pressure, which cannot be varied ; and, as 
we have sufficiently shown in the first chapter, if the volume be 
diminished while the temperature remains constant, the only result 
will be that more and more of the steam will be reconverted into 
water, the pressure remaining unchanged. 
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.If the relations between the pressure and volume be mapped oui 
for any given weight of steam, we have a curve, which is of great 
value in interpreting the diagrams given by an indicator. It 
differs from Boyle's curve of expansion, it differs from the curve 
of expansion of superheated steam, which would be that of a 
perfect gas ; it is a curve furnished by experimental data, and 
expresses the conditions which obtain when saturated steam 
changes its state of pressure, volume, and temperature without 
ceasing to be saturated 

The table generally relied on is deduced from Regnault's ex- 
periments, but as a matter of illustration we refer to the results of 
experiments made by Fairbaim and Tate. The substance being 
saturated steam, those numbers only are selected which are re- 
quired for the present example : — 



Presftore in lbs. per tq. 


TenipenttnTe 


Spediic 


inch 


Fahrenheit 


Tolane 


XI 


19777 


2x67-4 


12 


101*96 


1994-0 


147 


212 


■» 


as 


240 


35 


25965 


7134 


36 


26083 


6«HS 



By * specific volume,* or, as it is sometimes termed, 'relative 
volume,* is meant the volume of the steam as compared with 
that of the water from which it is generated; and since the numbers 
are large it is common to reduce them by increasing the unit of 
voltmie fifty times. 

Conceive now that we deal with a given weight of saturated 
steam at a pressure of 36 lbs. and a volume 694*5, and allow it to 
expand doing work. Since 3 x 694*5 = 2083.5, it is apparent 
that if the expansion be carried to three times the original volume 
the pressure will become less than 12 lbs., whereas, according to 
Boyle's law, it should be exactly 12 lbs. There is, therefore, asmall 
deviation from Boyle's law in the form of the curve. 

The point to be noticed is that the curve, when obtained, repre- 
sents a theoretical indicator diagram. In the present example, 
setting out a number of intexrnediate points for pressures at 34 
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33, &C. lbs. and registering the corresponding volumes, also calling 
694*5 unity, we have the annexed diagram, where all vertical lines 
represent lines of pressure, and all horizontal lines refer to 
volumes, and where the steam is maintained in its hypothetical 
state by a supply of heat from without 




Fig. 57. 

Let the horizontal line terminating at d represent the travel of 
the piston of an engine which is supplied with saturated steam at 
36 lbs. pressure, and let the pressure be continued constant 
during \ of the stroke, as indicated by h s. The steam now ex- 
pands along the curved line SR and its pressure falls to rd, 
which is a little under 12 lbs. A full opening is then made to the 
exhaust ; and if the condensation of the steam were instantaneous 
and perfect the pressure would fall to zero, and would remain so 
during the return stroke. Assume that the condensation is 
instantaneous, but that the pressure falls only to 4 lbs., repre- 
sented by B D, and remains constant till the piston reaches the end 
of its stroke. 

The area h s r b a will represent the whole work done in the 
double stroke, and is contrasted with the area h s e a, which re- 
presents the work which would have been performed by the same 
weight of steam if there had been condensation without expansion 
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In 1849 ^^' ^' Cowper published a complete diagram of the 
expansion of saturated steam, ranging from a pressure of a lbs. per 
square inch up to 120 lbs. He stated that the diagram was ^in- 
tended to fadlitate the calculation of the amount of power ob- 
tained by diflferent methods of employing steam.' There were 
two divided scales, viz., (i) a vertical scale of pressures from zero 
up to lao lbs. (2) a horizontal scale of volumes, giving the volume 
of the same weight of steam at each different pressure as com- 
pared with the water from which it was generated, one division on 
the scale representing 50 units of volume. 

The general character of the diagram is shown in fig. 58, each 
little square being further subdivided into 25 squares in the pub- 
lished card. A dotted line represents the curve of expansion 
from the top of the figure according to Boyle's law. The dimen- 
sions are the following : — Line of volumes = 11 inches^ line of 
pressures = 6 inches. 




Fig. 58. 

88. Having employed this expansion curve for obtaining the 
normal or theoretical form of an indicator diagram, which closely 
resembles that given by Watt, we refer to fig. 58, where five small 
sketches are appended, whidi, when rightly understood, present 
a summary of successive improvements in the steam-engine, 
the horizontal dark line being the line of atmospheric pressure 
throughout : — 

I. The shaded rectangle is the diagram of work done by a 
given weight of steam when employed in a condensing engine 

Ka 
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Hie rectangle cut away at the base represents the loss by impeifect 
condensation. 

a. The diagram of work when steam at the atmospheric pres- 
sure is expanded 2^ times with condensation, as in Watfs early 
engines, before the employment of high pressure steam. 

3. This figure represents the work done by an equal weight of 
steam at a pressure of 60 lbs., without expansion and without 
condensation. 

4. Then comes moderate expansion of steam at 60 lbs. pressure, 
without condensation. It is apparent that the curve is taken in 
every case firom the normal diagram, and here the expansion is 
carried to three volumes. The rectangle cut away represents, in 
each case, the loss by back pressure. 

5. The same case repeated, except that the expansion is con. 
tinued to 9 volumes, and we have the theoretical indicator diagram 
of an engine working according to a more economical method. 

The indicator being a measuring instrument attached to 
the cylinder, and intended particularly to inform us as to the 
action of the valves connected therewith, it will be essential to give 
some sketch of these working parts before discussing the peculi- 
arities of the outline traced out by the pencil. 

It is not within the purpose of this book to present that full 
information which is to be found in large works crowded with 
working drawings, and it must suffice to point out enough for a fair 
explanation of the matter before us. 

VALVE MOTION OF A SINGLE-ACTING ENGINE. — ^THE HYDRAUUC 
GOVERNOR, OR CATARACT. 

89. To begin with the valve motion of a single-acting engine. 
It will be remembered that there are three principal valves con- 
nected with the cylinder, viz. (i) the steam valve, (2) the equili- 
brium valve, (3) the exhaust valve. Originally these valves were 
simple discs covering the respective openings, but at the present 
time they are balanced valves, usually of the Cornish double-beat 
or crown-valve construction, to be presently described. There is 
no rotating shaft or fly-wheel connected with a pumping engine 
for mines, and hence the motion available for rendering the 
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mechanism self-acting is not continuous but intermittent. The 
exac:t period of opening each valve wUl determine the number of 
strokes made per minute, and is the first thing to be provided for. 
It is evident that some independent agent must be at work to 
open the valves, and when that is effected the motion of the beam 
may be utilised for closing them at the right instant. 

The independent agent referred to takes the name of a cataract^ 
probably from the original form of the apparatus, which, in the 
early days of steam engines, was that of a vessel into which water 
was poured at a definite rate through a partly-opened tap. The 
vessel was lop sided and tilted over, so as to discharge its contents 
in a sort of cataract as soon as the water had risen to a certain 
height. The falling over of the vessel determined the period of 
opening the valve with which it was connected After a sufficient 
time the same valve was closed by a lever actuated by a projection 
or tappet on the plug rod, of which mention was made in the 
account of Newcomen's engine. 

The principle of the cataract in its modem form will be under- 
stood from the annexed sketch. Inside a cistern partly filled with 
water there is placed a plunger 
pump p, connected with a valve 0, 
opening upwards into the chamber 
of the pump, and having a tap a, 
capable of being regulated by a 
lever a d and a rod d e. The 
plunger p is loaded, so that after 
being raised it will force out water 
through the tap a. The valve o is 
fully open when the plunger rises, 
and closes as soon as it begins to 
descend, and the only escape remaining for the water is through 
the panly open tap, the regulation of which determines the rate 
at which p descends. Up to this point the cataract is a simple 
plunger pump, with a partly open tap in place of the usual delivery 
valve. 

The next drawing, on p. 134, will show flie external form of 
the cataract as well as its connection with the valves of the engine. 
And here we may point out that there are commonly two cataracts 
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employed, the function of one being to open the steam and exhaust 
valves, and that of the other being to open the equilibrixun valve. 
In the drawing the cataract is represented as acting upon the steam 
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and exhaust valves. The plunger p is a hollow cylinder, closed at 
the bottom but open at the top, and called a trunk ; it is attached by 
a rod to the lever n o m, which is centred at o, and is raised when 
the tappet or projection shown at / on the plug rod comes in contact 
with the tail of the curved lever-arm springing from w, which 
lever-arm is a handle for rotating the small chain-wheel. The 
result is that the chain is wound up to some extent, and p is raised. 
The weight hung at n now causes the plunger to sink, and water 
is forced out at the partly open tap, the cataract rod rising until 
eventually its extreme end lifts the lever at the top steam arbor 
(that is, axis) and liberates the catch. 

The regulation of the descent of the plunger being effected by 
opening the waste tap at d more or less, there is a separate bar de 
connected with the short lever attached at //, which has a screwed 
portion, as shown, and by rotating the knob e at the upper end of 
the bar the tap may be opened or closed. 

In order to complete the explanation it is necessary to turn to 
fig. 6i, which exhibits the mechanism employed for opening and 




Fig. 6i. 

closing the steam valve s. A catch rod rs holds the catch i, which 
has a fixed centre at e. As soon as i is liberated w descends 
and s opens. The left-hand sketch shows the cataract rod 
ascending and just about to raise the end r of the catch rod rs. 
The tail/of the lever /e b will then move upward into the position 
shown in the second sketch, and it should be understood that the 
only part of the plug rod which interferes with the freedom of 
motion of/ is the dark-shaded piece marked h. 
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When the valve s is raised the piston descends and pulls down 
one end of the working beam; this brings down also the plug rod, 
and causes the part h to strike the tail /of the lever b e/; and to 
depress it into a position ready for being locked by the catch rod 
X r as soon as that rod is set free by the sinking of the cataract 
rod. AVhen once locked the valve s must remain closed until it 
is liberated by the cataract or by hand, for of course the valves 
may be worked by hand if desired. The period, or rather the 
portion of the length of stroke, during which the steam valve 
remains open is regulated by adjusting the position of the piece h, 
and determines the amount of expansion. In a powerful pumping 
engine, such as is employed at waterworks, where a weight of 30 
or 40 tons is lifted some eight times in a minute, it is most 
remarkable to watch the steam valve lever and to note the short 
space of time which elapses beti;i'een ihe opening and closing of 
the passage for steam. 

CYLINDER, SLIDE-VALVE, AND PISTON, 

90, We pass on to the cylinder, piston, and slide-valve of a 
locomotive engine. Several drawings would be required for exhibit- 
ing these respective parts completely, but there is not space for 
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more than a longitudiiud section of the cylinder, together with the 
piston and valve for distributing the steam. 
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The cylinder is 16 inches in diameter and | inch thick ; it is 
made of cast iron, and is bored out in a lathe. The thickness of 
a steam cylinder depends, of course, upon the diameter and tlie 
intended pressure of the steam. One cover is movable, in order 
to admit the piston, but the other cover is often a part of the 
casting. The openings into the cylinder are called steam-ports, 
being rectangular in shape and bounded by a plane surface 
scraped up so as to approximate to a so-called true plane. The 
ports lead into passages shown in the sketch through which the 
steam enters into or escapes from the cylinder. 



MURDOCK'S SLIDE-VALVE. 

The most important element of the combination is the slide- 
valve, which is in a form derived from the original invention of W. 
Murdock, who, in 1799, obtamed a patent (No. 2,340) for an im- 
proved construction of the steam valves in Watt's double-acting 
engine. 

91. Murdock's valve, technically called a D valve, consists of a 
hollow pipe Ay usually semicircular in form, and attached to a rod 
as shown. Upon the flat side of the pipe are two 
plane rectangular faces which slide upon correspond- 
ing plane surfaces having rectangular openings called 
ports, which form passages into the cylinder and 
convey the steam to either side of the piston. The 
sliding faces are scraped so as to be as nearly as 
possible true planes and work upon a corresponding 
plane surface, the object being to render the valve 
steam-tight on the plane side. The valve is cylin- 
drical at the back, and is kept steam-tight by packing 
at D and e. It will be understood that the sketch is 
a mere lecture diagram, and does not show the con- 
struction of the several parts ; thus, the packing at d 
and E is not carried with the valve, but is pressed 
against it through openings in the back of the slide-case. 
Any steam which enters the central portion by the ^'°« ^3- 
passage indicated will circulate freely round the pipe, while the 
space below the valye is permanently open to the condenser. 

In the drawing steam is entering below the piston p, and is 
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driving it upwards, while the steam above p escapes through the 
upper port, passes down the hollow pipe, and enters the condenser. 
Upon raising the slide-valve the reverse takes place, for steam 
enters at the upper port and escapes through the lower port 
directly into the condenser. 

Each end of the pipe may be regarded as a separate valve, and 
accordingly in Murdodk's account of his invention it is stated that 
the upper and lower valves are worked by one rod or spindle, the 
stem or tube which connects them being hollow, ' so as to serve 
for an eduction pipe to the upper end of the cylinder, by which 
means two valves are made to answer the purpose of the four used 
in Mr. Watt's double engine.' It will be remembered that a dia- 
gram showing the arrangement of the four valves in Watt's 
early engine has been already set out at page 37. 

OTHER SLIDE VALVES. 

92. Another form of valve derived from the above is called a 
box valve, being a sort of box with plane feces and containing a 

,1 passage along the back of it Here the packing 

4ip may be dispensed with, but a third port becomes 

TtJilV necessary, so that in one sense the contrivance is less 

_Jp\\ simple. It is sketched in fig. 64, where a is the 

An^ upper steam port, b the lower steam port, and c the 

^ eduction port The drawing shows steam entering 

^ " above the piston at a, and escaping through b into c, 

™ I and so to the condenser ; whereas, by lowering the 

; valve, steam would pass into the space below the 

piston at b, and would escape from the upper part of 
the cylinder into the passage formed by the valve, 
which would now lead directly into the condenser. 
It will be readily seen that the flat portions of the 
valve are in steam-tight contact with the faces on 
Fig. 64. which they work. 

93. If the ports be interchanged, so that c lies between a and b, 
the construction of the valve is greatly simplified, and it is no 
longer necessary that it should assume the form of a pipe, for it 
may be a simple box with flat faces. Such a valve is applied in 
engines of every class, but is of universal use in locomotive 
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engines^ and is distinguished as a locomotive D valve, or three* 
ported valve. It is the valve shown in the section of a cylinder 
and its appendages which has led to this discussion about valves, 
and may be conveniently studied in the following example, which 
is laken from an oscillating engine working in one of the boats on 
the Thames. 

The annexed diagram shows the steam ports a and b, together 
with the eduction port c, and a passage s leading to the boiler. 
The valve and ports are covered by 
a rectangular box or casing, seen 
in section in fig. 66. The metal 
surface 0^^^ surrounding the ports, 
including the intermediate bars m n^ 
is careMly planed in the first instance, 
and is usually scraped afterwards, 
according to the method originated 
by Sir J. Whitworth, so as to be as 
nearly as possible a true plane 
surface. In the year 1840, when 
slide-valves scraped up to a standard 
siu^ce plate first came into use, 
and were tried against others prepared on the old plan by grind- 
ing with emeiy, it was stated by the Superintendent of the 
Manchester and Liverpool Railway, in answer to a letter firom Mr. 
Whitworth : ' I have this day taken out a pair of valves got up 
with emery that have been in constant wear five months, and I 
find them grooved in the usual way. The deep grooves are \ inch 
deep, and the whole siuface, which is 8 inches broad, is -^ hollow 
or out of truth. Those that are scraped are perfectly true, and 
likely to wear five months longer.' 

The grooving action which here arose, probably firom the emery- 
powder which adhered to the metal, has in some form or other 
always been a source of difficulty, and is also traceable to the 
inequality of wear due to the open faces of the ports as compared 
with the sides. Mr. Webb has accordingly patented a circular 
slide-valve which is free to rotate in the buckle that holds it j * so 
that if the valve should have a tendency to seize in any one part 
of the sliding surface, which would put more fiiction on that 
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particular side, it will immediately b^j^in to revolve, and so rectify 
itself by bringing different portions of the surfaces to bear.' The 
steam ports are annular segments on this construction, the exhaust 
port being circular. A pair of valves exhibited at a meeting of 
the Institution of Mechanical Engineers in 1877 had run 20,000 
miles on the North- Western Railway, and the surfaces were polished 
by wear, but appeared to be perfectly true. 
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The next drawing shows ( i) an outside casing d d, which forms 
a receiver into which the steam enters on its way from the boiler ; 
(2) the valve e and its spindle ; (3) a stuffing-box and gland at h, 
forming a steam-tight collar through which the spindle passes ; 
(4) the steam passages marked a and b respectively, and the 
eduction passage c which leads directly into the condenser. 

Two sections are given of the valve and the slide case, one a 
longitudinal section through the valve spindle, the other a cross 
section through the middle of the slide case, showing the breadth 
of the valve. Taken with the plan of the ports, these sketches 
make the construction of the whole apparatus sufficiently clear. 
Also it is apparent that when the valve moves to the left suf- 
ficiently to uncover the port a, there will be an escape for steam 
from B into the condenser, the arch of the valve forming a passage 
from B to c On moving the valve sufficiently to uncover the 
port B to the steam there will be an escape through a into the 
condenser. The action is, therefore, precisely the same as in 
Murdock's valve. 
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rHE PISTON AND ITS PACKING RINGS. 

94. We come now to the piston and the method of packing 
it so aa to prevent any steam from passing from one side to the 
other by leakage. The drawing (fig. 62) shows the piston wrought in 
one solid piece, and dished out so as to form a deep surface of 
contact with the sides of the cylinder. Here the depth of the 
guiding surface of the piston is 4 inches, and the three grooves 
shown in section are intended for the reception of metallic pack- 
ing rings, as applied by Mr. Ramsbottom about 1854, and which 
form the simplest method that has been devised for keeping the 
piston steam-tight under the high pressure employed in locomo- 
tive engines. The contrivance is thus described in a paper on 
an improved pkton for steam-engines : — ' Three separate grooves, 
each \ inch wide, \ inch apart, and ^ inch deep, are turned in 
the circumference of the piston, and these grooves are fitted with 
elastic packing rings. These rings, which may be of brass, steel, 
or iron, are drawn of a suitable section to fit the grooves in the 
piston, and are bent in rollers to the proper curvature, the dia- 
meter of the circle to which they are bent being about -j^th larger 
than the cylinder. They are placed in the grooves in a com- 
pressed state, and along with the body of the piston are thus put 
into the cylinder, care being taken to block the steam-port The 
rings are therefore forced outwards by their own elasticity, which 
is found quite sufficient to keep them steam-tight' Of course the 
rings are put on so as to break joint One object in the con- 
struction of this particular piston has been to reduce as much as 
possible the amount of rubbing surface. It is a maxim in books 
on mechanics that the amount of friction is independent of the 
extent of surfaces m contact, but that rule only applies where the 
surface .is directly supporting a pressure, and it has nothing to do 
with the friction of a piston, where an increase of siuface un- 
doubtedly increases the friction. Here the lightness of the piston 
reduces the friction, and so also does the small amount of elastic 
surface pressed against the interior of the cylinder. 

As to the amount of bearing surface, it appears that for an 
18-inch piston it would come to about 42 sq. inches, whereas in a 
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piston of the same diameter with 2\ inch packing rings the area 
of rubbing surface would be 141 sq. inches. The simplicity of 
construction is also an advantage, the only workmanship expended 
on the piston being that of turning its rim and forming its centre. 
The packing rings are drawn as ordinary wire, and are afterwards 
bent into shape, the cost of production being very small. 

The mode of attaching the piston rod is apparent from the 
sketch. There is a shoulder, and the rod terminates in a coned 
end, the whole being screwed up tight by a nut The cylinder 
covers are copies of the configuration of the piston, thereby avoid- 
ing a waste of steam. 

PISTON OF AN OSCILLATING CYLINDER. 

95. In contrast with the locomotive piston, 38 inches in dia- 
meter, take a piston for an oscillating cylinder of a large paddle- 
wheel steamer, the work done by which is 300 nominal H.P., but 
is really much greater. 

In the present example the piston is made of cast iron, and is 
88 mches m diameter. It has to support the enormous driving 
pressure of the steam, which at 13 lbs. per square inch would 
amount to 35 tons, and is constructed of two plates of iron of 
great strength, increasing from \\ inch in thickness near the cir- 




Fig. 67. 

cumference to i| inch near the piston rod, being further strength- 
ened by six ribs of iron, indicated in the sketch, each of which 
is \\ inch thick. The depth of the piston is 7 inches at the 
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packing ring, and increases to about 13 inches near the centre, 
whereby every vertical radial section presents an analogy to a 
cantilever or beam supported at one end. 

There is one large metallic packing ring, made of cast iron, 5 
mches deep, and | inch thicL It is turned in the lathe, and then 
cut through and jointed with a tongue, so as to be the exact 
size of the cylinder, an outward elastic pressure being maintained 
by jimk packing, which is wound round the piston behind the 
ring in the empty space ^, and is held down and compressed as 
well as forced outwards by a ring with a shoulder. This ring is 
tightened on by a series of bolts, whereof one is seen in the 
drawing, having square heads to prevent their becoming loose, 
and being retained in position by one tight encircling ring, c. 

The piston rod is 10 inches in diameter, coned at one end, 
and secured by a nut 16 inches in diameter. The nut is tightened 
up by a long lever, which has a forked end, terminating in two 
pins, which enter the recesses shown in the nut 

BALANCED VALVES. 

96. The next pomt to be considered is an improved construc- 
tion of valve which will permit of an opening being made with but 
litde effort in a space exposed to the full 
pressure of steam. The subject-matter 
for alteration is the old disc valve em- 
ployed by Watt, and shown in the annexed 
drawing, as being lifted by a rack and 
segmental pinion. 

The steam pipe opens into the box or 
casing above the valve, and the steam Fio. 68. 

therefore presses with its full force upon the surface of the disc, 
which cannot be raised until that force is overcome. It is, how- 
ever, easy to vary the construction so as to remedy this defect, 
and the method adopted is to balance the fluid pressure by subject- 
bg two equal areas to equal pressures in opposite directicfis. The 
applications of this principle are the following : — 

I. TAe Throttle Valve, 

This valve was introduced by Watt, and consists of a circular 
plate turning on a spindle which coincides with a diameter of the 
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plate. It is shown in section in fig. 69, the seats being indicated 
at/, h, and the point being the axis of rotation of the valve. The 
pressureof the steam on one half of the valve ^viz. b — is, of course, 
balanced by that on the other half j, and there is equilibrium in 




Fig. 69. 

afl positions. ITie valve is a sort of door swinging on a central 
line in its own plane, and is actuated by the rod m acting on a 
crank or lever handle. 

2. The Double Beat Valve. 

This valve consists of two circular discs a b and c d, threaded 
on the same spindle e h. The principle here relied on is again 
the opposition of fluid pressure on two surfaces, but the mode of 
application is different Steam is supposed to be on its way to 
the cylinder and to have passed a regulator — viz. the throtde valve 
— so as to be entering the space between the discs. It is manifest 
that the tendency of the steam pressure is to lift a b upwards and 
to press c d down\>'ards ; and if the areas of the two discs be equal 
these opposing forces will balance, and the valve may be lifted 
with a very small exertion of force. 

The same thing is done in organs, where it is an object to open 
and close passages for the supply of compressed air with compara- 
tively little effort ; but in that case the valves are discs attached to 
the opposite ends of a lever whose fulcrum is supported at a point 
raised a little above the general plane of the discs. Also the discs 
themselves are on opposite sides of a partition, so that one moves 
outwards in the direction of the air pressure, and tbe other inwards 
against that pressure, the result being the same as in the steaic 
valve, but arrived at by a different mode of constructioa 
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In the left-hand sketch the steam is entering between the discs, 
but it may come upon them from the outside, as in the adjoining 
diagram, and it is manifest that the principle of the opposition 
of fluid pressure applies equally in this case. 

3. The Cornish Double Beat or Crown Valve. 

This is a valve very extensively used, and consists of a hood 
or cover resting upon two seats. It matters not whether the steam 
passes through the valve from above 
downwards or in the reverse direc- 
tion, and for the purpose of explana- 
tion we will assume that it is passing 
upwards, as shown by the arrows. 
The pipe h is permanently closed 
at the top by a fixed plate a b. The 
only thing movable is the part e c d, 
which forms a casing to the open 
sides of the pipe just below a b. 
The seats are shown in the diagram ; ^'^' ^^ 

and inasmuch as the resultant vertical pressure on the inside of 
the curved portion c d is zero, the valve is in equilibrium when on 
its seat, although exposed to the full pressure of the steam. The 
construction of the valve is indicated in the annexed sketch, 
which shows an ordinary steam or eduction valve suitable for a 
pumping engine. 

An important advantage attaches to a double-beat valve in 
respect of the area of opening for the passage of steam under a 
given amount of lift. The question is one of geometry. 

Let 2 r be the internal diameter of a pipe covered at one end 
by a disc of the same diameter. When the valve is raised let x 
be the linear motion of the disc along the axis of the pipe, and 
we have 

area of opening = 2 t r x jc. 

But if the pipe be fully open, area of opening = area of pipe. 
Or 2irr* = 7rr*. 

2 4' 

Which proves a well-known rule, viz,, that a pipe, dosed by an 

L 
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ordinary plate valve, is fully open when the lift of the valve is one- 
fourth Che diameter of the pipe. 

97. As a mechanical device for effecting the object in view — 
viz., the opening of a closed pipe against fluid pressure, with a small 
expenditure of force— the double-beat valve is a perfect apparatus. 

An ordinary slide-valve, such as the locomotive valve, occupies 
a sort of intermediate position between the simple disc and the 




double-beat valves. It is a great deal better than one and worse 
than the other. If a passage be opened by the sliding of a plate 
over an orifice the pressure of the steam exerts no direct influence 
to oppose the motion, but indirectly it causes friction, which in 
the case of the large D valves of marine engines becomes very 
serious, and accordingly slide-valves are converted into so-called 
balanced valves by first boring a hole through the valve and then 
attaching a packing rmg at the back thereof, which ring comes 
in close contact with the slide case and takes oflf the pressure from 
the area so encircled. 

The drawing, taken from a marine engine, illustrates this ar- 
rangement. The valve and the packing ring are shown in section, 
and it will be noted that the back of the slide case is strengthened 
by arched ribs, so as to avoid any warping under pressure. The 
inside surface is faced, and a circular packing. ring cuts off the 
steam pressure from the whole area which it encloses. It would 
l>e right to show this ring in plan, but there is not any great 
necessity for doing so, as \he drawing in plan is easily supplied. 
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'fh^e are small packing rings, like Ramsbottom's rings in a 
locomotive piston, which keep the principal ring steam-tight as 
far as the annular portion in contact with the valve is concerned ; 
and the upper plane surface which is in contact with the back of 
the slide case is pressed against it by the action of the steam on 
the projecting edge. 

A slide-valve having been thus improved by diminishing the 
friction which impedes its working, the next step is to cause a 
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lai^e area to be set open for the passage of steam by means of a 
comparatively small movement of the valve. For this purpose a 
distinct principle has been brought into play, which is well known 
in its application to the ventilators of a railway caniage, and which 
consists in the multiplication of a single valve several times over. 

Valves of this kind are distinguished as gridiron valves, 
and there is an example in the expansion valve of the marine 
engine, to which the former valve belongs. Steam is admitted by 
the pipe s into a small chamber with a grating at the base, which 
is, in fact, the valve and its sei^it. There are eight rectangular 
openmgs for the passage of steam in the bottom of the chamber, 
and attadied to the rod above is a plate or grating having eight 
corresponding rectangular slots cut in it. Supposing the valve to 
be so placed as just to cover all the openings, it is obvious that a 
motion of \ inch would cause each of the eight valves to open 
by \ inch, or would give the same result as with a single valve 
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moving through 8 half-inches. In other words, the area opened is 
multiplied without any increase of linear motion. 

The reason for the peculiar form of the slide-valve of the 
engine, shown in fig 7X4 will now be understood. The outside 
shell of the valve forms an ordinary D slide-valve, but the two 
inner pieces, a, 3, are passages through which the steam circulates. 
There is, therefore, a pair of steam ports communicatmg with the 
top of the cylinder, and another communicating with the bottom 
of ity and the length of stroke of the valve is halved with the same 
effective opening. This result may be of great value in powerful 
screw-propeller engines. 

•THE ECCENTRIC CIRCLE. 

98. Before proceeding further it will be convenient to explain 
the use of an eccentric circle in actuating the slide valve of an 
engine. For this purpose we refer back to Art 73, where the 
contrivance of the crank and connecting rod has been discussed ; 
and, begmning with the conversion of circular into reciprocating 
motion in its simplest form, it will be remembered that if the con- 
necting rod could be prolonged until it became infinite the line p q 
would always remain parallel to itself, and the travel of the point Q 
would be represented by the equation dq = tf (i— cos. 6). 

A crank with a connecting rod of infinite length is an 
imaginary creation, but there are simple combinations which will 
give the motion, and which have been commonly used. 

1. Let a pin p, fixed in the face of a circular plate whose 
centre is c, move in a horizontal groove r s attached to a vertical 
rod passing between guides, as shown. 

It has been proved that this motion causes a reciprocation in 
the point b, which is that of a crank with an infinite link. 

2. I^t a circular plate centred at c rotate in a vertical plane 
under a horizontal bar r s which is attached to a vertical bar e d, 
constrained by guides and pointing towards c, as in the previous 
case. 

Taking p, the centre of the plate, draw p b parallel to c d, then 
the point of contact of R s and the plate remains in a vertical 
line through p during the motion. But the point p describes a 
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drde round c, and therefore c p is in effect a crank of fixed length ; 
ftko since p b remains parallel to itself, the motion is the same as 




Fig. 73. 

if the connecting rod between p and the piece moved by it were 
infinite. Thus the motion is that of a crank with an infinite link. 

3. A new form, of the greatest possible utility, and giving the 
motion of a crank and connecting rod of any length within certain 
limits, is deducible at once from that last examined. 

Conceive that the bar r s is wrapped round the plate so as to 
encircle one-half of it, and let the end b of the rod b d be con- 
strained to move in a line pointing to c As the circle revolves 
the crank c p remains constant, and the connecting rod is now P b, 
which may be extended at pleasure beyond the limits of the 
circular plate. The combination is a mechanical equivalent for 
the crank and connecting rod. 

The form usually adopted in practice is derived firom the 
arrangement just described. A circular plate is completely en- 
circled by a hoop to which a bar (always pointing to the centre of 
the plate) is attached, the object of the complete hoop being to 
cause a reciprocation of b in both directions. If there were only 
a half-hoop, as in our sketch, the eccentric circle would drive b 
upwards, but it would not necessarily return, and might require the 
force of a spring or the action of a weight to assist in completing 
the double oscillation. 

As before, the throw of the eccentric is the same as that of the 
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crank, viz., a space equal to the diameter of the circle whose 
radius is c p. 

99. Having thus explained the principle of construction 
adopted in the eccentric, it remains to give a sketch showing the 
contrivance as made and applied in an 
engine. Usually the eccentric occupies 
so much space in a drawing that it is 
difficult to find an example suitable for 
insertion in the small page of this book. 
The annexed diagram, however, may 
suffice, the eccentric rod being very 
short, as in a small oscillating engine, 
from which the sketch is taken. 

The circle c represents a section of 
the crank shaft, c being its centre. 
Upon the crank are fitted two circular 
half-pulleys of cast iron, which are bolted 
together, and have a centre at p. Two 
half-hoops of brass, tinted in the sketch, 
and united togetlier by bolts and double 
nuts at E and h, carry the eccentric bar, 
which actuates a pin at b connected 
with the valve lever. The engine being 
designed for a river boat, and therefore 
requiring to be reversed at pleasure, 
there is a strap a b, to prevent the ec- 
centric rod from falling away from the pin while the valve is being 
moved by hand. Also, in this case, the eccentric pulley rides 
loose upon the shaft within certain limits defined by stops, and 
there is consequently a disc d, forming a counterbalance to the 
weight of the pulley, which prevents it from falling out of position 
during the disengagement of the pin at b. It should be noted that 
p, the centre of the pulley, may be brought as near as we please 
to the centre of the shaft, and that the throw of the eccentric may 
be reduced accordingly ; but that we are limited in the other direc- 
tion, for the shaft must be kept within the boundary of the plate, 
and the plate itself must not be inconveniently large — considera- 
tions which are sufficient to prevent any great increase in c p. 
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DIRECT-ACTING ENGINE. 

loo. The general arrangement of a direct-acting engine in its 
simplest form may be made dear by the lecture diagram, fig. 75, 
which is taken from Dr. Anderson's 
collection, as published for the 
Science and Art Department, and 
represents a small vertical engine 
driving some light machinery. 

The steam cylinder is marked c, 
and H is the slide case, the piston 
rod being connected with the crank 
pin by the connecting rod p r. The 
slide valve is worked by an eccentric, 
shown at e, and the eccentric rod 
attached to the valve spindle is 
marked e d. 

It is apparent that the use of a 
crank in the position shown in the 
drawing entails the division of the 
shaft A B, in order to leave an empty 
space which the connecting rod may 
sweep over. This necessarily hap- 
pens unless the crank is at one end 
of the shaft ; and the great value of 
the eccentric arises from the circum- 
stance that it enables us to derive 
the motion which would be given by 
a crank and connecting rod from any part of the shaft, whether at 
the end or not, without forging a crank upon it or subdividing it 
The main object of the sketch is to make this matter clear, and to 
show the conversion of the reciprocating motion of the piston into 
the rotation of the shafting in the first instance ; and further the 
re-conversion of that circular motion, so set up, into the reciproca- 
tion of the slide valve. We shall presently refer to the construction 
of the ends of a connecting rod and the mode of fitting the brasses- 
As to the cranks, it is enough to say that they are frequentiy forged 
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in one solid mass upon the shaft, and are shaped afterwards by the 
machmery of the workshop. Where the crank shaft is of great 
size, as in some marine engines, a special machine tool is adapted 
for turning the crank pin while the shaft itself is at rest. 



VALVES LIFTED BY CAMS. 

loi. It often happens that the steam and exhaust valves of an 
engine are lifted directly by cams. The term ' cam ' is applied to 
a curved plate or groove which communicates motion to another 
piece by the action of its curved edge. 

In general mechanism the particular curve which determines 
the nature of the movement communicated has every possible 
variety of form according to circumstances, but in the application 
of a cam-plate to the actuation of a valve all that is required is to 
lift the valve rapidly, then hold it raised for a certain proportion 
of the stroke and allow it to come down again upon its seat It is 
apparent that in a simple movement of this kind, where one end 
of a lever is to be raised, held up, and allowed to drop, it will 
suffice to surround the shaft by a plate or cylinder having a 
circular portion ef, on which the end of the valve lever rests when 
the valve is closed, and a raised portion, a b, 
^L,^*--^>aj also circular, upon which the valve lever runs 
ff^^^ when the valve is to be opened, and which 
holds it open until the end of the lever runs 
down a slope and comes upon the lower circular 
portion corresponding to ef. For some pur- 
poses, as where steam is to be worked expan- 
FiG. 76. sively, the raised portions are of different lengths, 

as AB, AC, AD, arranged in successive steps, 
one behind the other, whereby the valve may be held open for 
different periods. 

Also it is manifest tliat the cam may be on the face of the 
plate, instead of being part of its edge, and that in effect two 
portions of flat plates rotating about a common axis perpendicular 
to each, and raised one above the other, with a sloping surface 
connecting them, would be a mechanical equivalent for the cam 
described. Such a cam-plate was used by Sir W. Fairbaim. 
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THE LAP OF A VALVE. 

102. A peculiarity in the construction of the valve described 
[n Art 93 could hardly escape notice, even if it were passed by 
without comment Referring to fig. 66, it is seen that the arch 
of the valve exactly bridges over ^e interval between the inner 
edges of the steam ports A and b, but that the faces of the valve 
considerably overlap the ports on the outside edges. The valve 
is placed symmetrically with regard to the ports, and is therefore 
in the middle of its stroke. 

In the annexed diagram there are three vertical lines intersect- 
ing a horizontal dotted line at the points o, n, and d. The space 
o N denotes the extent to which the face of the valve overlaps the 
port A, and is technically distinguished as the ' lap * of the valve. 
The space nd indicates the extent to which the port a is opened 
for steam, and is often less than the whole breadth of the opening, 
the reason being that the same passage serves both for the entrance 
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Fig. 77. 
and exit of the steam, and that a larger opening is required for the 
rapid passage of steam into the condenser than for its admission 
into the cylinder. 

The circle on the right hand may be taken to represent the 
path of the centre of the eccentric pulley which actuates the slide- 
valve. The diameter h d is the whole travel of the valve, and p 
is the point which the centre of the pulley occupies when the 
piston is at the end of the stroke. Draw p n r perpendicular to 
H D, and we have (neglecting obliquity of eccentric rod^ 

ON = lap of valve, 

ND = opening of steam port 

Since o h represents the direction of the crank of the engine when 
the stroke is commencing, the first thing we observe is, that the 
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centre of the eccentric pulley has been set back through an angle 
E o p, such that o n = lap of valve, and that if there were no lap 
the line o p would be at right angles to o h. 

The importance of putting lap upon a slide-valve will be better 
understood by noting what would happen without it If there 
were no lap the opening for steam would be represented by o d, 
and the result would be that the steam port could only be perfectly 
closed at the precise instant when the valve was in the middle of 
its stroke, at which time it would be moving most rapidly. It is 
apparent that a valve of this kind is unsuitable for an engine, the 
better plan being that the steam should be compressed or cushioned 
on one side of the piston, so as to assist in bringing it to rest, 
and that the driving pressure on the opposite side should be 
relieved by opening a passage to the exhaust or releasing the 
steam, as it is termed, just before the stroke terminates. This 
precaution prevents the violent jerk and strain which would come 
upon the crank-pin if the piston were thrown with full force upon 
the crank at the dead points. 

103. The value of an indicator diagram in interpretmg the 
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Fig. 78. 

action of a slide-valve should now be made clear. The drawing 
will give an idea of the action of a model belonging to the Schoa 
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of Mines, and intended to illustrate the relative motion of the slide- 
valve and piston in a direct-acting engine. 

The moving parts are attached to a board carrying a sheet of 
paper on which the circles described by the crank-pin and centre 
of the eccentric are marked. Below this is a space for tracing 
the indicator diagram. The crank and connecting rod which 
actuate the piston are at the back of the board, but an index arm, 
o H, is placed in front and moves with the crank, thereby trans- 
ferring its apparent motion to the part where it can be seen. The 
eccentric is represented by an actual crank, o/^, whose extreme end 
describes the smaller circle, and the rod / l carries on the motion 
to the valve. The point/ can be shifted along the arm ot, 
thereby varying the amount of travel of slide, and the length 
of the rod / l can also be adjusted. In this way the effect pro- 
duced by any deviation from the proper length of the eccentric 
rod can be studied. 

We are at present in a position to trace out the diagram as 
given by an indicator. The crank being horizontal, with the 
piston at the end of its stroke, the first thing to be done is to 
place the valve in the correct position for admitting steam by 
setting back op until the lap is allowed for. The valve then 
opens ; and if the pressure of the steam is sufficiently maintained, 
the indicator pencil will trace the horizontal line ab. When 
the crank gets to the end of the first dotted line, a is dosed, so 
that expansion begins, the pressure falls, and we have the cur\'e 
h €. At the point marked ' release ' the valve is moved so far to 
the left as to open a passage from a to c, and the release^ as it is 
termed, begins. The pressure falls from r to / and continues 
very low till the point marked ' compression,' when b is closed, 
and the steam in the corresponding end of the cylinder is cushioned 
so as to increase its pressure, the pencil rising from m to a 
when the double stroke has been completed 

104. The effect of putting lap upon a slide is thus to produce 
a fixed amount of expansive working, and it is easy to calcu* 
late the amount of lap which should be assigned in order that 
the steam may be cut off at any part of the stroke. 

Let the larger circle represent the motion of the crank-pin in 
a direct-acting engine, and let the smaller circle be the path of 
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the centre of the eccentric. When the crank is in the position 
o H, and centre of the eccentric at /, steam is just beginning 

to enter the cylinder. Draur 
pnr perpendicular to o d^ then 
r must be the centre of the 
eccentric when the steam is 
shut off, at which time let op 
be the position of the crank of 
the engine. Draw p n perpen- 
dicular to o d. 
Let o p N = a,/ o d^=^do r=0. 

Then angle h o/ = angle p o r, 

/. i8o** — = 6 + 90**— a, 



or = 45^ + r, 

2 




• Fio. 79. 



whence the position of op can be calculated. 

Ex. Let the steam be cut off at \ of the stroke from the ex- 
tieme end. 

Then ND = iHD=iop. 
6 3 



or 



CD— ON 



OP 



or I — sm a = -, 
3 



I 

•. sin a = ^ 
3 



Referring to a table of natural sines, we find that 

Sin 41** 48' = -66653 

.". a = 41** 48' approximately 

/. H 0/ = 135*'- 20° 54' = 114** 6'. 

But — = cos H 0/ = sin 24® 6', 
0/ 

and sin 24** 6' = -4083 by the tables, 
/. o « = '408 X 0/ = '204 X travel of slide. 

In like manner the amounts of lap in order to cut off at dis- 
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tances of ^, \y \ of the stroke from the end thereof are '289, '250^ 
•177 of the travel of valve. 

105. An inspection of fig. 78 shows that the four principal 
points in the valve motion are (i) the admission of steam, (2) the 
cut-off, (3) the release or opening to the exhaust, (4) the compres- 
sion or cushioning of steam behind the piston. 

We have shown how to arrange for expansive working, and it 
remains to consider the causes which determine the periods of 
compression and release. 

Just as expansion begins when the outside edge of the valve 
face comes upon the outer edge of the port a, so compression 
begms when the inside edge of the arch of the valve comes upon 
the inner edge of the port a, and it is easy to draw a figure and 
repeat the calculation for the compression. 

When the point of compression is determined it is only ne- 
cessary to cross over in a diameter of the circle to the opposite 
circumference, and the point of release is obtained, which is as far 
from D as the point of compression is from h. Thus a first general 
idea of the motion is arrived at. 

106. Before going further two points may be noticed : — 

1. A single indicator diagram does not give an accurate 
measure of the work done, for the line abcf records the steam 
pressure at one end of the cylinder, and the Xxn^fma records the 
amount of condensation and compression at the same end, but 
does not combine the steam pressure above the piston with the 
vacuum pressure below it, or conversely. In order to effect this 
object, which is what is really wanted, two diagrams are required, 
which should be taken consecutively (usually on the same piece of 
paper) at the top and bottom of the cylinder. An inspection and 
measurement of the pair of cards will give a complete opportunity 
of estimating the work done. It is common, however, to regard a 
single diagram as indicating sufhciently the general character of 
the performance of the engine. 

2. The measurement of pressures is made from the atmospheric 
line, taken before steam is admitted into the cylinder of the in- 
dicator, and not from the zero line of pressures, as in the case of 
the theoretical diagram. This is simply a matter of convenience 
as it is perfectly evident that if the point vi^ for example, is at a 
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perpendicular depth below the atmospheric line which would give 
a reading of 1 1 lbs. on the indicator spring, that informs us that 
the zero line is 147 — 11 below the point m^ and that the back 
pressure is 37 lbs. ; and it is, in fact, easier to look only to the 
number 11, and not to go through a process of subtraction, in order 
to arrive at the same result. Of course, in any case, subtraction 
will be necessary when two bounding lines of the curve pass along 
upon the same side of the atmospheric line. 

The average pressure of the atmosphere is taken to be : 
147 . . . . . lbs. per sq. inch. 

2ii6'4 lbs. „ sq. foot 

29*922 inches of mercury. 

THE LEAD OF A VALVE. 

107. In a previous article we have spoken of the indicatoi 
pencil as being carried up to the highest point of steam pressure 
simply by compression, but it is obvious that such a movement 
would seldom occur in practice unless assisted from without. 

Accordingly, it is the rule to open the steam port, so as to 
admit fresh steam into the space where the cushioning is going on, 
just before the piston comes to the end of the cylinder. In such 
a case the valve is said to anticipate or had the motion of the 
piston ; and the * lead of a valve ' may be defined as the width of 
opening of the steam port when the piston is at the end of its 
stroke. 

By giving lead to a valve a strong pressure is brought against 
the piston just as it is reaching the end of its motion in one 
direction, and the strain upon the crank-pin is correspondingly 
relieved. The more rapid the motion of the piston the greater 
the necessity for giving lead, and accordingly we find that the 
lead in a locomotive engine is very considerable. Thus Mr. 
Clark, in his book on locomotives, gives 4^ inches as the travel 
of a Stephenson's slide-valve, the outside lead being ^ inch. 

The lead of which mention has been made is outside lead ; 
that is, it relates to the admission of steam ; but of course lead 
can be given on the exhaust side of the valve, and in that case it 
would be called inside lead. In the case of Stephenson's valve 
the inside lead amounts to \{^ inches. 
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DIAGRAM OF WORK DONE IN ROTATING THE CRANK. 

108. The indicator gives a measure of the mean effective 
pressure on the piston during a stroke ; and, supposing that pressure 
to be known, there yet remains the problem of investigating its 
transmission to the crank shaft It is common to set out a diagram 
of work done in rotating the crank shaft, and to trace thereby the 
fluctuations of driving pressure as due to the position of the crank 
and the obliquity of the connecting rod. Such a diagram may be 
viewed under different conditions. First, the pressure on the 
piston may be taken as constant ; that is, as having its mean value 
throughout a stroke, in which case the diagram of work done upon 
the crank is symmetrical, of nearly so. But, secondly, there is 
another way of looking at the question which is more complete 
and accurate, and that Ls, to trace the outline of the diagram of 
work on the supposition that the actual pressure of the steam on 
the piston is transmitted at each point of the diagram. This second 
method involves accurate drawing and measurement, and the 
student can easily set out such a diagram after comprehending the 
principle on which it is constructed. 

To begin with an old proposition in applied mechanics which 
may be solved analytically as an exercise. 

109. Prop. — To find the work done upon the crank in a 
direct-acting engine, friction being neglected. 

Here a force p, which we assume to be constant, pulls the end 
D of the connecting rod d b, and turns the crank c b. Except at 
the dead points the line d b is inclined to d p, and it may be said 
that there is a force q pulling against p in the line d b. This force 
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produces a reaction r perpendicular to one of tlie guides (friction 
being neglected), and r itself ma^^ be resolved into components, 
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one in b d, and the other perpendicular to it, whereof Uie formet 
acts against o Hence, ifBDc = ^, bcd = 6, we have 

Q = p cos + R sin ^, 

also p sin = R cos ^, 

.•.q = p{cos^ + !!L^}=-^. 
l ^ cos ^ j cos ^ 

This result may be obtained more easily, but with less appre 
dation of the precise action which takes place, by resolving q in 
directions parallel and perpendicular to d r ^ when 

Q cos = p, 

p 
or Q = . 

cos 

Let c B s= a, D B = ^, then moment of force to turn the crank 

_ pgsin(6+0) 
cos 

/• work done while c b moves through an angle dQ 

^ P^ sin (6 + 0) ^ 

cos 

whole work= p« /' sinj?_±l) dd, 
J cos 

= va I (sin + cos . tan 0) ^ 0, 
But sm = I . sin /. cos </> = a / i - ^ sin "0 , 

// ? sin cos \ 
(sin0 + ^ I dd. 

= P«(- cose -i^i-^; sin «0)+ci 

= p X 2 a, 
the integral being taken between the limits = o, = n. 

It is well known that this result might have been arrived at 
directly, and without any calculation, as an application of the 
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principle of work. For, adopting the notation of the previous 
proportion, p x aa is the work done upon the piston in one 
stroke, and p x 2^ is also the work done upon the crank- 
pin in half a revolution from one dead point to the other. It 
may, indeed, be said that no amount of symbolical reasoning can 
establish the proposition more conclusively than the simple state- 
ment that it foUows as a deduction from the principle of work. 

no. The diagram of work done in rotating the crank, in the 
case where friction is entirely left out of consideration, may be set 
out as follows : — 

I. Let the obliquity of the connecting rod b d be neglected) 
or let B D be supposed to remain always parallel to d a 

Then 6 = 0, .*. cos ^ = i, and q = p. 

In order to construct the diagram of work take a line equal in 
length to the semicircumference of the circle ace and divide 
it into ten equal parts. Erect perpendiculars at the respective 
points of division such that each in its turn represents the 
resolved part of ? in a direction at right angles to c b, and mark 
off the numbers against these perpendiculars. 

For example, when b has described 7^5 of the semicircumference, 

p sin = p sin 18**, and the remaining values of 6 are 36% 54®, 

let c A = I, and p = 100, and let b describe -^y 

A ... of the semicircumference. Then 

p sin 18® = 100 X "3090 = 30'9o, 

p sin 36® = 100 X '5878 = 5878, and so on. 

In the diagram the numerical values of these 
magnitudes are assigned, and the curve, passing 
through their extremities, encloses an area which is 
the diagram of work done upon the crank in a »«>'^ 
semi-revolution. 95-11 

According to the proposition in Art. 109, the 8090 
area of this diagram should be p x 2 c a or 200. g. g 
Now, the mean value of the ten perpendiculars, 
beginning at o and ending at 30*90, is 

^31X8 or 63138. 

10 •* 

Hence work done = 63'i33 x 3*1416 



30-90 

58-78 
80-90 

95 -XX 



30-90 
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108-354, which 
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approaches very closely to 200, and would be exactly aoo if 
arithmetical computation were capable of being extended to sub- 
divisions as minute as those allowed for by theory. 

a. Let the obliquity of the connecting rod be taken into 
account, and let c b = «, b d = ^, as before. 

We here refer to Art 73, Cor. 4, where it is proved that 

dx^azm Biie ,|, ^ «"> » cos g je. 
cos 

Hence Tdx = p x « sm 9^0 + L^Bl (a sin 9 dS), 

tan 9 ^ '• 

.•./p//*« tf/p sin 9i/9 + a r V^ sin Odd, 

y tan 9 

or work done = PX2a + o = PX2tf. 
This mode of setting out the analysis shows that the diagram 
of work given, on the supposition that p remains always parallel to 
itself, is subject to correction when the inequality 
of motion caused by the connecting rod is taken 
into account. But the correction becomes zero in 
every case, for the area of the diagram of work is 
certainly p x 2 ^r, so long as p remains constant. 

The suppositions made previously are retained 
in this example ; that is, flf = i, ^ = 6, p is con- 
stant, and friction is neglected. The respec- 
tive perpendiculars are varied as marked; thus 
30-90 is changed to 35 80, and so on, the com- 
ponent of p being ^ sm (9 + f^) instead of P sin 9, 
* ** cos 

as heretofore. But the variation is not large under 
ordinary circumstances, and the two curves are 

contrasted by the superposition of the dotted line which bounds 

the area on the first hypothesis. 
Also the mean of the ten values, 

o, 3580, 6676 .... 26, is 63-138, as before. 

There yet remains the actual case occiuring in practice where 
p varies at each point of the stroke, as recorded by an indicator 
diagram, and the effect is to slice or hollow out a large portion of 
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the symmetrical diagram from tlie point where expansion begms ; 
and this can be done, if desired, without difficulty. 

III. Connected with this subject, and forming part of it, is the 
estimation both of the tangential pressure upon the crank and of 
the thrust upon the axis of the crank shaft, friction and the inertia 
of the moving parts being disregarded. 

Since the force Q, or , acting along the connecting rod caii 

be resolved at once into its components, 

pcos(e + ^) ^ 

cos ^ 

and ^ ^^° \ + 9) perpendicular to c b, 
COS0 '^ *^ 

we can infer the pull or push along c b at any instant of the stroke 
as well as the pressure acting perpendicularly to c b and tending 
to produce rotation. The diagram of work sets out the latter 
pressures, and a corresponding diagram may be constructed for 
the pressures in c b without difficulty. 



ESTIMATE OF WORK DONE WHEN STEAM IS EXPANDED 
IN THE CYLINDER. 

112. Having discussed the general character of an indicator 
diagram, as taken from a double-acting condensing engine, the 
next step 13 to estimate the area of the enclosed space. 

In the case of a theoretical diagram, where the curve of ex- 
pansion is that given by Watt, the true area can only be ascertained 
by a mathematical process. The calculation is now given, and 
those who are unable to follow it may take the result as 
established. 

To find the work done in each stroke of an engine where the 
steam is supposed to expand according to Boyle's law : 

Let c H represent the steam cylinder of an engine, P R being 
its piston. 

Also, let c D = /, c E = a, or the space described by the 
piston before the steam is cut off. 

c p = ;r, A = area of piston, / = pressure of 8team« 
M a 
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Then work done through c e = a/ «. 
Also pressure of steam on piston at p = ^ 

,\ work done through space dx = ^^dx. 

/dx 
— from ji; = a, to JP s= / 

^ Kpa log. - 

:, Whole work in one stroke = a/ a < i + log. - l . (i) 

This is the theoretical expression for the work done by the 
steam on one side of the piston, and no account is taken of the 
back pressure from uncondensed vapour on the 
other side. In practice the mean back pressure 
should be subtracted from the mean forward 

pressure, viz., -^ Ti + log. -V and the result 

will be the mean effective pressure during one 
* stroke. 

Cor. I. To find the horse-power, or the work 
■H done on the supposition that 33,000 foot-pounds 



Fio. 83. per minute is the unit of work, we multiply ex- 
pression (i) by the number of strokes (say ri) per minute, and 
divide by 33,000. Thus, 

Kfna 1 1 + log. -j 
Horse-power = 5= L. 



33,000 

It is a common thing to ascertain the mean pressure of the 
steam per stroke by measurement, much as Watt found it, and in 
such a case : — 

Horse-Dower = Area of piston in sq. inches x mean press, y. nl 

33,000 

Cor. 2. If - = E, or the steam be expanded E times, we have 
a 



work done = ^^ { ' "*" ^^S- ■ \ 
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Cor. 3. In practice there is a vacant space between the 
cylinder cover and piston at the beginning of the stroke, and also 
there is a definite space occupied by the passages leading to the 
valve ; taking the whole content so regarded as equivalent to the 
volume cut oflf from the cylinder by a plane parallel to its base, 
and at a distance c from it, we have 

then work done ^s^Kpa -^ hp{a-\- c) C ^ 



= A/|« + (a + r)log.i±i} 



the limits being / + r, and a + ^, instead of / and a. 

In applying these formula it must be noted that the symbol 
' log.' represents the Napierian logarithm, and not the logarithm 
to base 10. The two kinds of logarithms are connected by the 
equations 

Log. n to base 10 = -434294819 x Nap. log. «, 
Or, Nap. log. n = 2*3025851 x log. n to base 10. 

The following results for Napierian logarithms are useful : — 



Log. a = -6931472 
Log. 3= 1-0986123 
Log. 4= 1-3862944 



Log. 5 = i'6o94379 
Log. 6=17917595 
Ix)g. 7 = 1-9459101 



Log. 8 =2-0794415 
Log. 9 = 2*1972246 
Log. 10 = 2-3025851 



113. It will be instructive to recur to the theoretical diagram 
set out in Art. 19, and to find its area according to Watt's method, 
as well as by theory. 

Divide the stroke of the piston into twenty equal parts, and 
conceive that the steam pressure remains constant throughout each 
division, having (i) its i^ue at the end of each respective division, 
and (2) its value at the commencement thereof. Then multiply 
each assumed value of the steam pressure into the distance between 
two consecutive divisions, and we shall obtain a series of rectangles 
representing work done, and lying within the curved line on one 
hypothesis, but overlapping it on the other. Let these be dis- 
tinguished as inside and outside rectangles respectively. The 
pressures up to 5 are all equal, and each interval is unity, whence 
the pressures are as follows : — 
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= I* 






I 

2 

3 
4 
5 
6= * = 

7=4 = 
8=1 = 

9= * = 
io = A = 



Press, at I . . = i* Press, at ii = -j^ s *4S4S 

„ 12 = T^j = -4167 

>. 13 = A = '3846 

I* » 14 = A = -3571 

!• »» 15 = A = '3333 

•8333 « 16 = A = •3"5 

•7143 n 17 = A = '2941 

•62s „ 18 = A = '2778 

•5556 „ 19 = A = '2632 

•5 » 20 = ^ = -25 

Hence area with inside rectangles = 1 1*572 . . (i) 
Also sum of pressures from 6 to 19 = 6.322. 

•*• area with outside reciangles =12*322 . . (2) 

But the true value of the area is, by the formula, 5 + 5 /i^f. 4- 
And log. 4 = 1*3862944 .'. 5 log. 4 = 6*9315 

whence trae value of area = 11*9315 . . (3) 

The mean pressure of the steam in each case is deduced by 
dividing these respective areas by 20. 

Hence on ist supposition, mean press, of steam s= '5786. 
„ 2nd „ „ s=s '6161. 

„ 3rd »» » ='S96S- 

Thus Watt's estimate, the little inaccuracies in Art 19 having 
been corrected, gives '5786 as the mean value of the steam pres- 
sure, while the theoretical true value is '5965. This shows what 
may be done by taking pains and subdividing sufficiently, so as 
to estimate by small rectangles. Watt's method is commonly 
followed in practice, as it is very simple and easily carried out 
Further, we remark that the difference of pressure between any 
two consecutive divisions continually diminishes. This fact is pre- 
sented to the eye by the form of the curve, which continually tends 
to become more nearly parallel to the line of volumes. 

The differences between the pressures at 5 and 6, and 6 and 7, 
and so on through the series, are : — 

•1667, -119, -089, -0694, -0556, -0455, *o378, '0321 
•0275, '^238> '0208, '0184, '0163, •0146, '0132. 

Whereof the last difference is about ^ of the first 
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INDICATOR DIAGRAM OF ATMOSPHERIC ENGINE. 

1 14. We pass on to discuss the performance of an engine by 
leference to an indicator diagram taken from it^ and shall com- 
mence with an atmospheric engine. The card is taken from the 
collection of steam diagrams. 

A scale of pressures, showing the strength of the spring of the 
instrument, should always be marked or recorded on the diagram, 
and is here noted on the vertical line at the left hand of the 
sketch. 

Also we require to know the diameter of the cylinder, the 
length of stroke, and the number of strokes made per minute. 
The product of the number of square inches in the area of the 
piston and the length of stroke, when divided by 33,000, forms 
what may be called tlie fiston constant for the engine, and the 
horse-power is then obtained by multiplying the piston constant 
by the mean pressure of the steam and the number of strokes per 
minute. 




Fig. 84. 

In the present example the steam pressure never rises above 
o, which here marks tlie atmospheric line, and, as before, horizontal 
lines represent volumes occupied by steam in the cylinder, or 
otherwise the amount of travel of the piston, for one measure is 
identical with the other. The diagram is intersected by ten vertical 
lines at equal distances, dividing the length of stroke into ten 
equal parts, and the first thing to be done is to determine the 
mean pressure of the steam in each of these divisions. An 
estimate of this kind is to some extent uncertain, and the results 
are marked on the diagram, in order that the student may verify 
the conclusions for himself. In doing so he should remember 
that the outlines of the curves cannot be copied with any great 
accuracy, and that some corrections may appear desirable. 
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Referring to the diagram, the action of the steam is quite 
intelligible. The pressure is maintained during the upward stroke, 
but there is a loss at the commencement due to the injection 
water which remains in the cylinder. On the downward stroke the 
condensation is imperfect at first, but improves afterwards, and the 
pressure of vapour in the cylinder never falls quite so low as 5 lbs., 
which would be called 10 lbs. vacuum according to the usual mode 
of estimating it 

Adopting the numbers as printed and adding them together, 
we find that their sum is 73*5, which, when divided by 10, gives 
7'35 as the mean effective working pressure on the piston in pounds 
per sq. inch during a stroke. 

The dimensions of the engine and the rate at which the piston 
moves are now to be taken into account In our example the 
diameter of the cylinder is 72 inches, the length of the stroke is 
8 feet, and the number of strokes per minute is 10 ; hence 

Area of piston = 4071*5 sq. inches. 
Travel of piston per minute = 8 x 10 feet 

Indicated horse.power= 7'35 x 407i'5 x 8 x 10 

33,000 
= 72-5. 

INDICATOR DIAGRAM OF SINGLE-ACTING ENGINE. 

115. In the single-acting engine two diagrams must be taken, 
one from the top and the other firom the bottom of the cylinder. 
These diagrams are quite unlike in form, for the action during the 
down stroke is not repeated during the up stroke, as in a double- 
acting engine, and our first task will be to comprehend the reasons 
of the particular conformation observed. For this purpose re- 
ference is made to a diagram taken firom a Cornish pumping 
engine, having a cylinder 70 inches in diameter, and making 4 
strokes per minute, under a mean pressiu-e of 15*1 lbs. per sq. inch. 
The figure is reduced from one on a larger scale, so that the 
mdicator spring would extend one inch on the reduced diagram 
for a steam pressure of 40 lbs. per sq. inch. 

One card is taken firom the top and the other from the bottom 
of the cylinder, and each must be interpreted in its turn. 
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As far as the upper card is concerned that figure indicates the 
admission and cut-off of steam, together with the opening of the 
equilibrium valve, which corresponds to imperfect condensation in 
our normal diagram. The lower card has reference to the state of 
things below the piston, where the equilibrium and exhaust valves 
are opened consecutively. 




Fig. 85. 

Beginning at the point a, with the piston at rest at the top of 
tlie cylinder, we note that the pressure rises imtil the down stroke 
commences when the steam line b c d is traced out. The portion 
B c is horizontal, and the cut off takes place at c It is common 
for the steam line bc to drop considerably before the cut off 
begins, especially in large engines. The line d b indicates that 
the equilibrium valve is opened, and that the steam pressure has 
fallen somewhat during the circulation which takes place. At 
the point e the equilibrium valve is closed, and compression or 
cushioning begins, just as in a double-acting engine. At the point 
A the piston is coming to rest, and there is a drop in the ciure, 
which is often much more marked than in the present example 
and which indicates loss of pressure before the down stroke begins. 
Such loss would be due to leakage of the compressed steam round 
the circumference of the piston or perhaps to loss of heat 

As to the lower card, the nearly horizontal line b a shows that 
the equilibrium valve is opened. When compression begins at E, 
above the piston, expansion will also begin to much less extent 
below it, and there will be a slight drop towards the end of b a. 
Otherwise the lines d e and b a nearly coincide, and would do so 
absolutely, if there were no disturbing causes at work ; but the 
diagram shows some difference of pressure at the two ends of 
the cylinder when the equilibrium valve is open. 
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With regard to work done, the piston is driven down by the 
steam from above it, as opposed to the back pressure of the 
exhausted space underneath, and that part of the action is fully 
determined by comparison of the lines B c d and dc. But the 
whole work done by the steam in the double stroke is, according 
to our principles, obtained by a careful measurement of the areas 
of the enclosed figures. 

At first sight the student might imagine that the horse-power may 
be calculated by simply noting the pressm-es indicated by the steam 
and exhaust lines, the cutting away of any part of the intermediate 
area— as by compression, or by want of coincidence of the lines d b 
and b a — affecting only the up stroke when the weight of the pump 
rods is the moving force. But a little consideration will show that 
such a notion is erroneous, and that the compression of steam in 
the up stroke and the resistance to the motion of the piston due to 
inequality of pressure when the equilibrium valve is open must 
be deducted from the total efficiency. The steam opposes the 
piston in its ascent to some degree, and this gives rise to negative 
work, which must be deducted from the positive work accomplished 
in the down stroke. In other words, during the down stroke the 
steam does the work, and during the up stroke work is done upon 
the steam. 

It follows, therefore, that the portion of unoccupied space 
between the two intermediate horizontal lines is a veritable sub 
traction fi*om the efficiency of the agent 

II 6. We pass on to calculate the horse-power in the case of 
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Fig. 86. 
a single acting pumping engine, having a cylinder 112 inches in 
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diameter, with a stroke 9-166 feet, and making 7*5 strokes pci 
minute. 

Referring to the diagram where the steam pressures are noted^ 
and taking each group of numbers in order, there is, above the 
Atmospheric line, a series amounting in all to 56*5. Below the at- 
mospheric line the first series amounts to 48*5, and the second 
series gives 39-3. 

Hence mean pressure of steam =t^ (S^'S +48*5 +39*3)= 14-43 

.•. H.P. = H'43 X 314159 X 56 X 56 X 9'i66 x 7-5 

33>ooo 
= 296-5. 

In an example of this kind the answer is very readily obtained 
by the use of a table of logarithms. 



DOUBLE-ACTING ENGINE. 

117. In illustration of the mode of estimating the work done 
by a double-acting engine we go back some thirty years to an 
example from a powerful oscillating cylinder of a marine engine, 
which may give an idea of the performance commonly accepted 
before the days of compound cylinder engines with high pressure 
and expansion. 

The engine was composed of two cylinders, each 82J inches 
in diameter, with a stroke of 6 feet, making 14J revolutions per 
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Fig. 87. 

minute. It would be described as a pair of 250*5, meaning that 
each cylinder was of 250 H.P., according to a nominal scale then 
adopted, but now almost, if not quite, obsolete. 

The scale is not marked on the diagram, but the student will 
infer it approximately from the values of the steam pressures 



IJ2 



The Steam Engine, 



above the atmospheric line at the respective divisions, which are 

4Si 4-5, 4-4S» 4-35» 4-3, 4-3. 4-i, 27, % 
stopping at the ninth division. 

ITie so-called vacuum pressures are estimated as follows: — 

8-8, 10-8, 11-2, 11-3, 11-3, 11-4, 11-4, ix'4, 11-5, 10. 
Hence the sum of pressures = lop'i + 33-8 = 142*9 ; 

mean pressure = 14*29. 
It is recorded on the card that the steam was blowing off, and 
that the barometer gauge of the condenser stood at 26^. 



WIRB-DRAWING AND CLEARANCE. 

118. Among the causes which deteriorate from the perfection 
of an indicator diagram one is that of wire-drawing. This term is 
intended to convey the idea that the pressure of the steam b 
attenuated by obstacles which impede its passage. 

The effect of wire-drawing is to cause a gradual decline or 
subsidence of the steam line. It is commonly seen in the indi- 
cator diagram of a large Cornish pumping engine. The cubic 
content to be filled by the steam increases so rapidly as the piston 
descends that the steam pressure can hardly be maintained. 

Again, it will have been noticed that the definite well-marked 
angle at the point where the curve of expansion leaves the hori- 
zontal line of steam pressure is seldom to be noticed in an actual 
diagram, or certainly not in an engine worked by a slide-valve 

and eccentric. In such 
a case the valve closes 
gradually, and the out- 
line becomes rounded 
at the point of cut-ofT. 

This rounding at the 
point where expansion 
begins is also marked 
in diagrams where the 
valves are lifted by 
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cams, as in the annexed figure, which is taken from an engine by 
Fairbaim & Sons, having the following particulars : — 
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IMameter of qrlinder . 40 inches. 

Length of stroke • • . . 6 feet 
Number of revolutions . • 25 per minute. 

Steam is admitted a little after the crank -pin has passed the 
dead centre, and is cut off at '45 of the stroke. The lead of the 
exhaust is } inch. The valves are double-beat or balanced valves, 
and the exhaust is kept open during the whole stroke. Here, 
therefore, there is no compression; and to obviate the sudden 
strain on the crank-shaft from admitting steam while the piston is 
at the exact end of its stroke, the curve is cut away along the 
bounding vertical line, instead of before reaching it, as in the case 
of the locomotive engine. 

The diagram tells at once what is happening by the little tail 
at the point a. Then comes the rise of steam pressure and a 
small jiunp of the pencil at b. There is also, to a small extent, 
wire-drawing, as shown by the gradual drop of the steam line 
between b and c ; and there is a small rounding at the extreme 
end of the upper steam line, showing the lead of the exhaust 

According to a scale of the strength of the indicator spring 
the mean effective pressure on the piston is 11*5 lbs., the vacuum 
being 13 lbs. 

119. Hitherto it has been assumed that the travel of the piston 
is exacdy equal to the length of the cylinder, but in practice the 
piston does not come home to the cylinder cover at the end of a 
stroke, and a certain empty space or clearance is left between 
their respective surfaces. Also the steam passages leading from 
the valve to the cylinder increase this ineffective space, which 
must be filled with steam before any work can be done. The 
cubic content thus occupied, which causes waste when the steam 
is perfectly exhausted, but forms no part of the real working 
cylinder, is called the clearance. It may be estimated in terms of 
the content of the cylinder by assigning a length thereof (say c) 
which determines its volume. Thus, let a be the area of the piston, 
then A r is the clearance. But for simplicity it is common to call (c) 
the 'clearance,' especially in analytical calculations of work done. 

The tendency of compression or cushioning is to eliminate the 
vaste due to clearance. The steam compressed at the end of the 
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stroke behaves like an elastic spring and gives out during ex- 
pansion the work expended in compressing it, whereby it obviates, 
as far as it will go, the waste of boiler steam. 

The effect of clearance on the indicator diagram is to lift the 
curve of expansion in some degree. 

Thus, let AN be the travel of a piston, OA the clearance, 
where o is the real zero fh)m which volumes are measured. 
Neglecting clearance, we should assume 
that the volume a d expanded accord- 
ing to Boyle's law, and on this sup- 
position B p R would represent the lines 
of pressure, whereby ifAD = DM=sMN 

we should have p m = — , n r =s — . 

a 3 

But since od is the true volume of 
steam undei^oing expansion, it is 
evident that tne true pressures at m 
and N are somewhat greater than 
before, and are in fact represented by/ m, tn, such that 
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vol. O M ' VoL O N ' vol. O D ' 

In other words, let vol a d = v, vol. o a = f, and let/ be the 
pressure at b. 

If there be no clearance, pressure at m j 
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But with clearance, pressure at M = fy'^^i 

* 2V + «r 



2 



+ ^ 



2 V 



^i {^ + ^}'^^g^^^^^"g^' 



The amount of clearance which is to be allowed for in prac- 
tice may be set out upon an indicator diagram by drawing a 
vertical line similar to the dotted line in fig. 97, and regarding it 
as a zer6 line from which volumes are to be measured 
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90 are intended to give an 
They are taken from a blast 




Fig. 90. 



The indicator diagrams in fig. 
idea of the effect now referred to. 
engine, having a cylinder 42 
inches in diameter, with a stroke 
of 8 feet 3 inches, working at 14 
strokes per minute. The smaller 
diagram, with the less perfect 
^cuum line, was taken when 
there was an excessive amount of 
clearance, the cut-off valve being 
placed in the steam-pipe, whereby 
the steam contained in a side 
pipe or steam-chest expanded 
after the valve was closed The 
effect of clearance has been to raise the expansion curve in the 
manner pointed out in the previous investigation. That such is 
the case will be rendered more certain by reference to the second 
diagram, which is the card taken when the two valves — ^viz., the 
steam and cut-off valve — were replaced by a single valve lifted by 
a cam and placed dose to the cylinder. The expansion curve 
falls at once by reason of the diminution of clearance. 

It must be noted that the pressure of the steam is not the 
same at the beginning of the stroke in the respective diagrams, 
nor is tlie point of cut-off exactly the same, so that the comparison 
is not perfect ; but we see that clearance must be allowed for in 
estimating the expansion curve of an indicator diagram, and that 
otherwise the information given is entirely deceptive. Another 
point is, that excessive clearance diminishes the excellence of the 
vacuum, by reason that the condensation is less perfect when a 
portion of steam is lodged in the passages. This is apparent from 
the diagrams, the vacuum having improved from 9 lbs. in the first 
card to 10-9 lbs. in the second, solely from the lessening of the 
amount of clearance. 



EXPANSIVE WORKING OF STEAM. 



12a This example suggests a connection between the subject of 
clearance and tlut of expansive working as carried out by seperate 
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^Ives. It will be understood that expansion o steam may be 
provided for : — 

1. By putting lap on a slide valve, whereby a fixed rate of 
expansion is secured. 

2. By employing four independent valves lifted by cams, viz., 
two steam and two exhaust valves. Here the expansion can be 
regulated without any difRculty, all that is required bein^ to 
change the cam-steps for different grades of expansion. 

3. By employing a separate expansion valve, placed behind the 
ordinary slide valve. 

This method will be understood by referring back to fig. 69, 
where a double-beat valve, acting as an expansion valve, is shown 
in combination with a slide valve. The latter has scarcely any 
lap, and contributes nothing to expansive working, its function 
being merely to distribute the steam on its way from the slide case 
to the exhaust. The double-beat valve would probably be lifted 
by a cam, and would regulate the passage towards tlie slide valve, 
being opened or closed at will, and at any desired period of the 
stroke. It does all that is required for cutting off the supply of 
steam, but it labours under the defect that it causes a sensible 
addition to the amount of clearance which is inherent to the use 
of a slide valve. The waste of steam now commences a step 
further back, and is reckoned from the valve A B c d, instead of 
from the didc valve. It has consequendy been a common practice 
to retain four valves for distributing the steam in a double-acting 
engine, according to the method originally practised by Watt 
Each of these valves may be opened and closed by cams at any 
period of the stroke, and they give a power of carrying out expan- 
sive working with great facility. 

If, on the other hand, a combination of a slide valve with a 
separate expansion valve be employed, it is essential that the 
latter should be placed as close as possible to the former, or indeed 
should form part of it, as in the following instance, which illustrates 
an excellent mode of providing expansion, viz., by a hack cut-off 
valve. 

Such a valve is shown in the drawing, and is marked h. 

We have here the cylinder, \\ith its steam ports and eduction 
ports, as in the repeated examples. Instead of an ordinary D 
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slide valve there is a box with steam passages and an arch foi 
bridging over the interval between the steam and eduction ports. 
It is apparent that on lowering both this box and the supplemen- 
tary block behind it, marked h, the steam will enter the top of the 




Fig. 91. 

cylinder, and will escape from the bottom of it in the manner pre- 
viously described. Whereas on raising the block h no more steam 
can enter the upper port, and an effectual cut-off is the result 

The back of the valve as well as the face of it will be plane 
surfaces, and, by properly adjusting two eccentrics connected with 
the valve and with h respectively, it is possible to provide for a 
cut-oflf at any part of the stroke, and to do so with scarcely any 
waste of steam other or greater than that which would occur with 
a single D valve. 

N 
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The effect of expanding in different degrees is marked on the 
diagram by way of illustration, and requires no special explana- 
tion after the previous remarks, but it is necessary to notice the 
stuffing box and gland for keeping the pbton rod steam-tight. 

This is an improvement upon Watt's method, which is drawn 
in fig. 9, as it appeared in his patent of 1782. The stuffing box, 
marked e e, is provided with a brass bush at the bottom of it, 
which is bored to fit the piston rod. An empty space is left for 
packing, and a gland, d d, with a brass lining, is screwed down, so 
as to compress the packing and tighten it round the piston. The 
top of the gland is formed into a cup for oil, and this completes 
the arrangement 



FURTHER INDICATOR DIAGRAMb. 

121. In a diagram taken firom a locomotive engine the periods 
of expansion, compression, and release are often well marked, as 
confirmed by the following example, which exhibits successive 




Fig. 92. 
stages in tlie modification of the indicator figure. The engine 
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being non-condensing, the atmospheric line is below the whole 
enclosed area. 

1. Here the diagram is intersected by three vertical lines at 
equal distances, and represents a species of theoretical curve. The 
steam line is maintained during the first third of the stroke ; then 
come expansion, release, exhaust, and compression in the order 
and to the extent marked. 

2. This is a tolerable copy of an actual diagram given to the 
writer, where the boiler pressure was 128 lbs., the diameter of the 
cylinder 17 inches, with a stroke of 2 feet. The train was de- 
scribed as consisting of fifteen carriages, and was just starting. 
The three periods in question are extremely well defined. 

3. Here the three periods are still defined, but the greatei 
speed of the engine causes them to lose much of their distinctive 
character. The boiler pressure is still 128 lbs., but the speed is 
28 miles per hour. 

4. The boiler pressure is marked at 123 lbs., but the speed of 
the piston has quite swept out the characteristics of the steam line. 
The train is now running on a level line at 58 miles per hour, and 
the principal effect to be seen is the jump of the indicator pencil ; 
but, taking the dotted line as an approximate mean, it is appa- 
rent that cut>oflf, expansion, and release are hopelessly blended 
together. 

122. As an fllustration of the necessity of providing in the 
design of an engine for effective condensation of steam, we refer to 
a simple illustration. 

Some thirty years ago, in the iron district of South Stafford- 
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Fig. -93. 
shire, an indicator diagram taken from a mill engine of nearly 200 
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H.P., having a cylinder 42 inches in diameter, with a 7 feet strolie, 
gave the result shown in fig. 93. The engine took steam at 
about 19^ lbs. pressure, which was maintained nearly uniform 
to the middle of the stroke, falling only to about 17^ lbs., and was 
then reduced by wire-drawing to 6 lbs. The average vacuum was 
2| lbs. below the atmospheric line, the lowest point attained being 
5 lbs. This is made very clear by the outline of the diagram. Of 
course such a performance was most defective, and accordingly a 
careful examination was made into the construction of the engine, 
when it was seen that the steam and eduction valves, as well as the 
thoroughfares or passages, were on too small a scale. The con- 
denser B D was of insufficient size, and water was admitted into it 
by a simple opening, a, without any pipe or rose for throwing out 
a divided stream. 

The conclusion arrived at was to remodel the valves and steam 
thoroughfares as well as the condenser. The engine was worked 
by four Cornish valves, so that it was easy to supply others on a 
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laiger scale, and accordingly the steam and eduction valves were 
enlai^ed from 7 inches to 12 inches in diameter, and the pipe 
marked e was similarly altered. The condenser was improved by 
the addition of a supplemental chamber, c, and an injection pipe 
with a rose, p, was introduced. Otherwise the construction of the 
engine was imdisturbed. 

The altered form of the indicator diagram at once shows the 
gain of power. The largest portion of the area of work done is 
below the atmospheric line, instead of being above it, the vacuum 
averaging a very little over 10 lbs., instead of only 2| lbs. The 
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steam pressure commences at 8 lbs., and averages 5 '4 lbs. through- 
out the stroke. It is instructive to note the gain of work under 
the new conditions, and we can form a general idea at once from 
the increase of effective pressure below the atmospheric line. 

In the first case it was found that a mean effective pressure of 
19 lbs. from steam and vacuum combined gave 190 horse-power; 
and in the second case there was a gain of 7-43 lbs. from conden- 
sation alone; whence it followed that the actual gain was to 
190 H.P. as 7*43 to 19 ; that is, 

I^ X 190 H.P., or 74 H.P. 
19 ^ 

123. As an additional illustration two indicator diagrams are 
appended, which were taken from a direct-acting horizontal engine 
at Woolwich. In the one diagram the engine was working much 




in its ordinary manner, and the curve of expansion is well marked ; 
but in the oUier the condenser was leaky; and in order to keep 
the machinery in action it was necessaiy to maintain the steam 
pressure nearly to the end of the stroke, the contrast between the 
two diagrams being here greater than in the example first com- 
mented on. 

PROTECTION OF THE CYLINDER. 

124. There are three conditions of the steam cylinder in the 
working of an engine : (i) it may be entirely unprotected by any 
covering ; (2) it may be coated with felt and wood or some non- 
conducting material: (3) it may be steai;i-jacketed, the jacket 
itself being covered with a non-conducting material 
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1. It seems clear that the first mode of working is wrong. But 

in order to impress this view 
upon the student we refer to 
the annexed diagram, which 
shows the expansion curve of 
steam in an imperfectly pro- 
tected cylinder, as contrasted 
with the true theoretical curve 
which would have corre- 
sponded with the weight of 
steam found in the cylinder 
at the end of the stroke. In 
Fig. 96. the diagram a b c represents 

the actual expansion curve of the steam, and d c that which should 
have been the expansion curve if the walls of the cylinder had de- 
tracted nothing from the work done. The steam loses pressure 
on its entrance by the chilling of the colder metal, and there is an 
immediate drain upon the molecular motion within the cylinder, 
on which we rely for the movement of the machinery outside. 
The escape of heat, from whatever cause it may arise, is a direct 
subtraction from the efficiency of the working substance, and at 
the present day it can scarcely be necessary to marshal all the 
reasons to be urged against such a practice. 

3. The second case is where the cylinder is coated with some 
non-conducting material, and here it is essential to remember that 
steam cannot expand and do work behind a piston without a fall 
in temperature. If the steam enters the cylinder direct from the 
boiler, as is commonly the case, it will be saturated, and reduction 
of temperature will cause partial condensation. 

As the expansion goes on it appears that the temperature of the 
steam will fall below that of the surface surrounding it, and towards 
the end of the stroke the heated metal will boil off the water de- 
posited and send it out as steam into the condenser. By such an 
action steam will have passed through the cylinder widiout doing 
work. A cylinder of metal may be covered with a non-conducting 
casing, but it remains a large metallic mass, and it is impossible to 
reason about it as if it were not alternately heated and cooled 
during the working of the engine. It was this alternate heating 
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and cooling which Watt strove to eliminate by a separate con- 
denser and a steam-jacket In the last diagram the curve of expan 
sion appears to rise more than is usual towards the end of the stroke, 
and this indicates, as clearly as if the thing were spoken in words, 
that the steam which has been condensed by chilling is evaporated 
by the walls of the cylinder towards the close of the stroke. 

Adopting a view similar to that now referred to, Mr. Cowpei 
has pointed out that, with high expansion and a marked difference 
in temperature at the beginning and end of the stroke, the cylinder 
acts somewhat as a condenser to the entering steam, and as a 
boiler just before it escapes. That this is so became apparent 
fiom an experimental trial, where a glass tube closed at one end 
was fitted to the non-jacketed cylinder of a high-pressure engine 
working expansively. Mr. Cowper found that the steam condensed 
in a cloud inside the tube at the beginning of each stroke and re- 
evapomted before its conclusion. He then brought a shovel of 
hot coals near the tube, and the heat of the fuel effectually pre- 
vented condensation, for it acted as a steam-jacket 

The point is, that no covering to the cylinder would raise its 
temperature permanently to that of the entering steam, for the heat 
deposited on condensation would not remain, but would be carried 
away aflerwards, during the re-evaporation. 

3. The last case is that where the cylinder is covered both at 
its ends and sides by a steam-jacket, the external casing being also 
protected by a covering of non-conducting material Under these 
circumstances the walls of the 
cylinder may be kept nearly as 
hot as the entering steam, and the 
chilling effect of the metal surface 
is to a great extend eliminated. 
Enough has been stated in the dis- 
cussion on heat engines to demon- 
strate the serious waste of heat 
which is inevitable with even the 
best-constructed engines, and it 
is a clear advantage to get the yiq, 97. 

greatest possible amount of work 
out of the steam just at the precise instant when it is in actioa 
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There is no known material which is insensible to the action of 
heat ; that is, which cannot be warmed or cooled, and which will 
not conduct or radiate heat Of necessity a cylinder is made of 
metal, a material peculiarly sensitive to changes of temperature, 
and possessing every quality, except strength, which we should 
prefer not to find in it It would, therefore, appear that the most 
reasonable course would be to enclose the cylinder in a hot 
envelope, which may serve to maintain its temperature at a high 
level and to supply the heat which is otherwise escaping. 

Mr. Cowper has brought before the Iron and Steel Institute 
several valuable observations on the utility of a steam-jacket, 
and he has illustrated his remarks by reference to indicator dia- 
grams taken from cylinders with and without steam-jackets. The 
card (fig. 97) was firom an engine with a Steam-jacket over the 
ends and sides, and the curve of expansion was nearly that given 
by theory. Towards the end of the expansion the true curve 
is represented by the dotted line, and it appears that the actual 
expansion rises above it, showing that the steam was a little super- 
heated by the hot casing. Several diagrams were adduced, which 
came pretty much to a repetition of that given above, the point 
being that the greater the amount of expansion the greater was 
the loss of work from the absence of a steam-jacket 

DIAGRAM FROM A CORLISS ENGINE. 

125. A form of engine was introduced some thirty years ago by 
Mr. Corliss in the United States, and has worked successfiiUy, 
Although the anangements for actuating the valves are somewhat 

complicated. The only point to 
which reference is made is tbe 
form of the indicator diagram, as 
taken firom engines of this type. 

Without attempting to de- 
scribe the engine, we may say 
tliat it works with two steam and 
two exhaust valves. 
Fio. 98. The steam valves are ex- 

tremely rapid in their action ; they are opened, when under the 
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control of springs, like the hammer of a gim, and they move 
suddenly into the position of being fully open. They are closed 
in like manner and are, as it were, shot round from the position 
of being fully opened to that of being fully closed, or conversely. 
The valves are cylindrical slides working in the arc of a circle. 

It is remarkable that liberating gear for disengaging a valve 
which was lifted by the action of a falling weight was introduced 
by Watt, and is therefore as old as the condensing engine; but 
here the valves are not lifted, but rotated, and they are actuated b> 
springs, and not by weight& 

Another point is that in engines of this class the governor acts 
directly on the steam valves, so as to cut off the steam earlier, 
instead of actuating a throttle valve, as in Watf s arrangement. 

FURTHER REMARKS ON INDICATOR DIAGRAMS. 

126. It is hoped that enough has been said to present a general 
view of the application and use of the indicator, and before leaving 
this branch of our inquiries it may be useful to append a few 
general remarks. 

Rankine, in his book on the steam-engine, discusses several 
causes wlich influence the form of the indicator diagram. 

I. It appears that the steam pressure undergoes some &11 
during the passage from die boiler to the cylinder. The amount 
of such fall varies greatly in different engines, but the general 
result is, that the highest average indicated steam pressure before 
expansion begins is some two or three pounds less than the boilex 
pressure. 

Among the points to be noticed are (i) the resistance of the 
steam pipe through which the steam passes, (2) the resistance of 
the regulator or throttle valve, (3) the resistance due to the ports 
and steam passages ; and here also the bends or sharp angles as 
well as the imperfect coating of the steam pipe must be taken 
into account 

Rankine says that m the present state of our knowledge it is im- 
possible to calculate separately the losses of pressure due to these 
causes, and if it were possible the resulting formulae would be too 
complicated to be of much use. An observation of this kind has 
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a wide application. It may be pointed out that steam which has 
been lowered in pressure by the resistance of passages, or has been 
wire-drawn^ as we have termed it, is to some extent superheated by 
the friction of its molecules, the tendency of all friction being to 
produce heat 

2. There is in practice a rounding of the angle at which the 
expansion curve begins in the theoretical diagram. This is called 
wire-drawing at cut-off. It is always to be seen where a slide 
▼alve, closing gradually, is employed, and is reduced to a mini- 
mum in a well-formed diagram of a Corliss engine. Speaking 
generally, it may be said that the steam begins, as it were, to work 
expansively a little before the valve is completely closed, or that 
the energy exerted is nearly the same as if the valve had closed 
instantaneously at a somewhat earlier point of the stroke, which 
point may be termed the * effective cut-off.' Such a point is easily 
obtained by carrying the expansion curve a Uttle higher, and by 
prolonging the probable steam line to meet it 

3. There is a rounding of the expansion curve when release 
begins before the end of the stroke, and it is recommended that 
the point of release should be so adjusted that one-half of the fall 
of pressure takes place at the end of the forward stroke, and the 
other half at the beginning of the return stroke. Where the release 
is small the expansion curve is continued to the end of the dia- 
gram, as may be seen in fig. 98, and in such a case the exhaust 
line slopes gradually downwards as tlie piston returns instead of 
being nearly horizontal. 

4. The general effect of water in the cylinder, from whatever 
cause produced, but which we will suppose to be present in some 
degree throughout the stroke, is to lower the steam line in the first 
portion of the stroke and to raise it in the latter portion. On this 
subject it is very easy to propound theories ; but the subject- 
matter lies so much within the region of experiment that any 
theoretical deductions, which are nearly all that we can be said 
to have at present, may mdeed be interesting, but would perhaps 
admit of being classed among ' conclusions in which nothing is 
concluded.' 

5. There is also the conduction of heat to or from the walls of 
the cylinder, the general effect of which is that in the last case. 
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6. Clearance will modify the form of the expansion curve of 
steam, by removing backwards through a small space the zero 
line of volumes. And, as we have seen, if the steam be completely 
exhausted from the cylinder during the return stroke the effect of 
clearance is to waste a quantity of steam during the double stroke 
But, inasmuch as it is possible to compress a portion of steam in 
the cylinder during the return stroke, the loss above referred to 
may be greatly or perhaps wholly eliminated. On this subject 
Rankine recommends that the point of compression should be 
adjusted in such a manner that the quantity of steam confined or 
cushioned should be just suf!icient to fill the clearance with steam 
at the initial pressure when the piston comes to rest In such a 
case the work expended in compression is restored again during 
expansion, and the steam spring is continually reproduced without 
waste. 



CONNECTING ROD ENDS. 

127. Two principal methods of forming the ends of connect- 
ing rods will be apparent from the sketches, which are copied from 
the collection of lecture diagrams. 

In Fig. 99 we have an elevation and side-view of a con- 
necting-rod with a forked end, showing the combination known 
as a s/rqp, gib^ and cotia^. A 
pin to which the rod is at- 
tached is encircled by brasses 
made in two halves, as indi- 
cated by the tinted pieces 
while the brasses themselves 
are bound round by the strap 
cCy and held together by the 
gib, marked a^ and the cotter 
(sometimes called 'cutter*) 
marked d. This part of the 
contrivance affords a good 
illustration of the use of 
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wedges in combination with a rightening screw. As the brasses 
wear the oblique surfaces of a and d slide uoon each other, and 
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the thick end of the cotter is continually advanced by the screw, 
while the surfaces which abut against the brasses on the one side, 
and the connecting-rod on the other, remain parallel, as at first. 
The key-way, which is cut through the strap and connecting rod 
for the insertion of the gib and cotter, is shown in the side-view, 
and spaces are left to allow for the screwing up of ^ as the bearing 
wears. Also the connecting rod is enlarged towards the middle, 
as indicated by the broken piece which marks the increase in 
size. 

128. Another construction for the end of a connecting rod 
is simple in its details, and is much used in marine engines, as in 

the compound cylinder engine by 
Messrs. Maudslay (see fig. 127). 

Here a brass block is divided 
into two parts, and is bored through 
for the reception of two holding 
bolts, each screwed at one end. 
The connecting rod terminates in a 
T-piece marked e^ the brasses abut 
against it, the bolts are passed 
through the brasses, and a plate b 
affords an abutment to keep every, 
thing in place after the nuts have 
been screwed up tight and locked. 
A side-view shows that the central portion of the brass is elon- 
gated, in order to secure a sufficient amount of bearing surface, 
the advantage of elongated bearings being now well understood. 
The blocks may, of course, be hollowed out sufficiently to leave a 
layer of patent metal for diminishing the friction, the surface of the 
soft metal being scored by channels, so as to admit oil for lubri- 
cation. Where great force is transmitted the inside of each brass 
is lined with soft metal. Soft metal bearings, as they are termed, 
formed the subject of a patent taken out in 1843, No. 9,724. The 
specification stated that the inner part of the boxes for the support 
of gudgeons or axles was to be lined with a compound metal, 
composed of 50 parts of tin, 5 of antimony, and i of copper. In 
order to prepare the boxes for this composition they were * to be 
cast with projecting rims or fillets along their interior edges and 
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on their ends, within their semicylindrical parts.' The interior of 
the boxes and the fillets or rims were then to be cleaned and 
tinned in the usual way of performing that operation- A cylindri- 
cal core was then inserted, and the alloy was melted and poured 
in, so as to form the lining, the object of the rims or fillets being to 
keep the lining in its place. The method described in the speci- 
fication has been commonly adopted, and indeed the composition 
is so soft that it would be squeezed out unless it were retained by 
a harder fillet or edge. The device is an example of a means of 
counteracting the tendency of rubbing surfaces to set up the 
vibratory motion of heat The soft plastic tin will not accept that 
vibration ; and if the surfaces be well oiled the bearing may sup- 
port great pressure widiout becoming heated. Where the force 
transmitted is very small, as in watchwork, the bearing surfaces 
are made of the hardest possible material ; for example, a steel 
pivot works in a ruby collar. 

Where a shaft works under water the mechanical conditions 
are changed, and in the case of screw-propeller shafts it has been 
found that hard wood bearings are superior to all others. In 
1854 Mr. Penn took out a patent (No. 2, 114) for* an improvement 
in the bearings and bushes for the shafts of screws and submerged 
propellers.' According to this invention the bearings were not 
continuous metal surfaces, as previously constructed, but were 
formed in a series of wooden fillets or ridges made of lignum vitae, 
and having water spaces between them, one main object being to 
allow the water to pass freely along the channels lying between 
the ridges. 
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CHAPTER VI. 

ON BOILERS. 

129. The two forms of boilers principally used for stationary 
engines are the Cornish boiler and the Lancashire boiler. The 
Cornish boiler stands first in the history of the subject, having 
been adopted in Cornwall during the early part of the present 
century, and being, in fact, the type from which the Lancashire 
boiler has been derived. 

The shell of a Cornish boiler is a cylinder with flat ends, 
having one internal furnace tube which runs along the whole 
length of the boiler. The furnace occupies a portion of the tube, 
and the burning fuel is entirely enclosed within the shell. Such a 
system is technically known as * internal firing,' and if the fiimace 
were placed outside the boiler and below the cylindrical shell, as 
may often be the case, the boiler would be an externally fired single- 
flued boiler, and die term * Cornish ' would not be applicable to it 

The Lancashire boiler is said to have been introduced in 1844 
by Fairbaim and Hetherington, and is a cylindrical boiler with 
flat ends, having two internal tubes instead of one only, each 
furnace being enclosed within its respective tube. 

Since there is no essential difference between these two forms 
of boiler, except in die number of furnace tubes, it may be con- 
venient to describe the Lancashire boiler. 

The tubes necessarily govern the diameter of the boiler ; they 
are usually 2 feet 9 inches in diameter, and, in order to allow 
sufficient space between their sides and the shell, the latter should 
be 7 feet in diameter. With tubes 3 feet in diameter the shell 
would be increased to 7 feet 6 inches in diameter. The length of 
the boiler may, of course, be varied Short boilers evaporate more 
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rapidly in proportion than long boilers, and suffer less fiom strain- 
ing action. The maximum length is 30 feet, and the usual length 
for a full-sized boiler is 27 feet 

The constraction of a boiler should be regarded from two 
points of view: (i) There is the general form and structure 
adapted to support the bursting pressure of the steam. (2) There 
are considerations arising from the unequal action of the heat of 
burning gases, and there are precautions to be taken for diminish- 
ing the waste of heat 

CONSIDERATIONS WHICH INFLUENCE THE FORMS OP BOILERS. 

130. The early boilers were designed in simple defiance of aU 
mechanical principles. This matter has been touched upon in 
Chapter III., where the opinion of an engineer was quoted, to the 
effect that a marine boiler should be adapted to the shape of the 
vessel, and that its safety would depend upon the strength of the 
metal, and not on its form. Without doubt the safety of a boiler 
depends on the strength of the metal, but it is quite wrong to say 
that it is independent of the form of the shell, and anyone who 
thinks for a moment on the subject will comprehend that a cylin- 
drical tube of some kind is the proper vessel wherein to retain a 
supply of steam under pressure. 

Tlie strongest form of vessel for holding a gas under pressure 
is a sphere— that is the natural form for the purpose — ^as we learn 
in blowing a soap-bubble. But no one would recommend a 
spherical boiler, there are so many practical reasons against it 

The next best theoretical form is a cylinder, which may be of 
any size, and only suffers from weakness at the two ends. Accord- 
ingly, when a chemist wishes to operate on gases under enormous 
pressure he confines them in tubes; if he is about to expose 
water to a temperature which shall cause the whole of it to pass 
into steam approaching the density of the liquid, he encloses a 
small quantity in a tube. Faraday's first experiments on the 
liquefaction of carbonic add gas were performed with the aid of 
small tubes. Cagniard de Latour found that water enclosed in a 
tube became gaseous in a space equal to four times its original 
bulk at a temperature of about 773** F. (that of melting zinc). 

The practice of an engineer in this question of form has been 
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precisely the same as that mentioned above. When steam was 
first used at or about the atmospheric pressure the shape of the 
boiler somewhat resembled that of a teakettle. Then followed 
the waggon boiler of Watt, designed solely for economising heat, 
and shown in section side by side in contrast with a cylindrical 
boiler having two internal flues. In the ordinary waggon boiler 
the fireplace is underneath the shell, and there is an arched base 
for preventing an accumulation of deposit, together with curved 
sides for exposing a larger amount of surface in the flues. These 
boilers were of considerable size, and the example taken is that of 
a 1 6 H.P. boiler, which would be ii feet 9 inches long, and 
5 feet in breadth. It would contain 238 cubic feet of water, and 
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would have a steam space of 97 cubic feet, the total heating surface 
being estimated at 156 square feet The flues were arranged for 
what was termed a * wheel-draught,' that is to say, the heated gases 
passed under the boiler through c, rose up to the flue a, and came 
back along one side in order to pass through the flue b along the 
other side, and so to the chimney. 

If such a boiler were subjected to internal bursting pressure, 
and were capable of altering its form, each of three surfaces, a, b, 
and c, would be bulged outwards, and the type would approach 
that of a cylinder. It follows that the peculiar waggon-shaped 
section can only be preserved by the employment of a sufladent 
number of wrought iron stays or rods passing from surface to 
surface, and holding the plates in an immovable position ; and 
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farther, that the only part of tlie shell which can assist itself is the 
arched top. 

A first idea of the Lancashire boiler will be obtained fi-om the 
sectional sketch. Here the diameter of the shell is supposed to 
be 7 feet, and that of each tube is 2 feet 9 inches. The water 
space between the tubes is 5 inches, and that between the tube 
and the shell is 4 inches. The water level is about that indicated. 
It is common to place intermediate water pipes across the fur- 
nace tubes, as shown in the sketch, for the purpose of intercepting 
some of the heat of the gases. There are various contrivances 
of this kind, called water pipes or water pockets. As to the cir- 
culation of the heated gases, that is arranged by flues running 
the whole length of the boiler. The hot gases, passing first 
along the furnace tubes, dip under the boiler, and return through 
a single flue having a breadth equal to the radius of the shell. 
Then the gas fi-om the side c rises to b and passes back along 
the outside shell, while that from d passes into a and returns in 
like manner. The gases meet again at the end of the boiler and 
proceed horizontally on their way to the chimney-stack, but 
before reaching it they may encounter some form of economiser 
or apparatus for heating the feed water, consisting of a group of 
water pipes placed in the main flue which absorb heat from the 
waste gases, and return it to the boiler by raising the temperature 
of the feed water, say to 240* F. or thereabouts. 

The arch of tiie boiler is carefully protected, first by a layer of 
non-conducting substance, and secondly by an arch of brickwork. 

With cylindrical boilers there b a difliculty about strengthening 
the ends. Theory would tell us to make the ends hemispherical, 
when their strength would be as much as twice that of the cylin- 
drical sides. There is, however, a practical objection to forming 
a hemispherical or ' egg-end,' as it is called, fi-om the boiler plate, 
and the result i3 that the ends are commonly made of flat plate, 
which is strengthened artificially in such a manner as to give 
security against danger. 

The use of high-pressure steam was advocated by Trevithick 
and Woolf, and both these engineers adopted the cylindrical form 
of shell, Trevithick originating the Cornish boiler, with internal 
firing, and Woolf constructing a boiler in 1803 composed of nine 

o 
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cast-iron pipes, each 12 inches in diameter, exposed externally to 
the direct heat of the fire, and connected above to a larger pipe^ 
which again was in free communication with a large cylindrical 
receiver forming the steam chest 

In order to show what may be done in this direction we refer 
to Perkins's steam boiler, consisting entirely of wrought-iron tubes, 
each 2:^ inches internal diameter and 3 inches external diameter. 
The boiler is made up of five layers of these tubes, all placed 
horizontally, and connected together by small vertical wrought-iron 
tubes, with screwed gaspipe joints. It was designed for an engine 
working at a pressure of 500 lbs. per sq. inch. The influence of 
size must not be disregarded. Thus Mr. Perkins states that the 
strain upon the material of a cylindrical boiler 5 feet in diameter, 
and with steam at 19 lbs. pressure, is the same as in one of these 
tubes at 500 lbs. pressure. 



THE STRENGTH OF CYLINDERS UNDER INTERNAL PRESSURE. 

131. The strength of a cylindrical boiler to resist mtemal pres- 
sure is calculated as follows : — 

Let r be the radius of the inner surface of a cylinder composed 
of a metal which can support a tensile strain of w lbs. per sq. inch. 
I^et e be the thickness of the shell, and / the pressure of the en- 
closed fluid. 

We shall confine our attention to a small rectangular piece of 
the shell, whose sides are x, y^ and whose thickness is ^, and which 
is under the action of a force pxy acting outwards on the area 
xy^ as well as to the forces p, p, q, q, marked in the sketch. 

Looking sideways at the slice, as in the right-hand figure, we 
observe that the two forces q, q, acting tangentially at the ends of 
the arc a b, balance/ xy. Let a c b = 2 0, then 
2 Q sin Q^pxy, 

But A B = J', .'. sin = -:^ very nearly ; also a bar i sq. mch 

in sectional area supports w lbs. .'. ex sq. inches support w ^* lbs.,, 
whence q = w^x 

2A "^ W 
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This gives the thickness for supporting a given circumferential 
pressure, and the conclusion b that the thickness must increase 
m the same proportion as the diameter, in order to resist the strain 
on a longitudinal section. 

Taking the expression forg, viz., w^jp, and substituting the 

value of ^ just found, it appears that q = wa? x tL^prx. 
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Fig. I03. 

We have next to consider the strain produced by the forces 
p p, which tend to tear the shell asunder along a transverse section. 
Such a strain is produced by the pressure on the flat ends. 

The pressure on one flat end =/; x irf*, and this pressure 
is supported by the cohesive strength of the material in a transverse 
section whose area is 2 ir r ^. As before, 2-Kre square inches will 
support 2Treyf lbs,, 

.'. 2irr^W =>ir f*. or / = ^ , 

2 w 

which is exactly half the value before obtained. To put this in 
another way, since p is the strain on an area ey^ being part of a 
ring whose area is 2 t r^, it is apparent that 



p _ ey 



■KT^p 



iicre 
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Cor. Let x = y=ii. .'. p ='^, Q =/ r, whence q s 2 p, 

2 

or the strain on a longitudinal section (per linear inch for any 
thickness) is twice that on a transverse section. 

o a 
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132. The strain on a longitudinal section per linear inch of 
the material of a cylindrical boiler may also be found by a simple 
application of a law of fluid pressure. 

Let D E H B A represent a portion of a cylindrical boiler, d s a, 
c H B being two planes perpendicular to its axis, and d c b a being 
a plane containing its axis. The pro- 
perty of fluid pressure relied on is that 
the whole bursting strain on the metal 
strips A B and d c is the same as the 
pressure of the enclosed fluid on the 
^^r^— area d c b a« 

Let AB = jr, DA=2r, and let 
Fig. 103. ^ ^^ ^g pressure of the fluid or steam. 

Further, let e be the thickness of the shell (a section at a b 
being really represented by Atf ^ b, where a<» =s b^ = r), and let 
w be the tensile strength of the material per square inch of section. 
Hence a b and c d together can support 2 w ^:r lbs. 

Now the pressure on each unit of area of the curved surface of 
the cylinder can everywhere be resolved into two components, one 
perpendicular to the plane d c b a, and the other parallel to it 
Of these components the sum of the former is the pressure on 
D c B A, and the sum of the latter is zero; hence 

p X area d c b a = strain on a b + strain on d c, 
or/ X a? X 2 r = w^* + w^jc 

The material of the shell of a full-sized Lancashire boiler is 
usually wrought iron, but steel plates are frequently introduced in 
the furnace tubes, especially in the part around the fire. The 
thickness of the iron plates would be ^ inch for a pressure of 
75 lbs. per sq. inch, or ^ for 100 lbs., and the width of a plate is 
(say) 3 feet 

As to the strength of boiler-plate the general rule is that a 
rolled plate is less strong per square inch of section than a thick 
bar of the same iron. Also the reduction of strength is more 
marked in the transverse than in the longitudinal direction. Theie 
\h a further subtraction from strength by riveting ; and according 
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to Sir W. Fairbaim the breaking strains of riveted joints of boiler 
plate are estimated somewhat as follows : — 

Poundf. 
Iron 50,000 

Double riveted joint 3SiO0O 

Single riveted joints 28,000 

per square inch of section of plate. 

Since the plates after rolling are stronger in tht direction in 
which they are rolled than transversely, it is apparent that they 
should be so disposed that the direction of greatest strength 
should encoimter the greatest strain. 

But the strain on the longitudinal section is greater than that on 
the transverse, and hence the plates, which may be 3 feet wide, are 
wrapped round the circiraiference, being laid in three lengths, in 
order that the longitudinal seams may clear the brickwork seatings. 
As a consequence of the theoretical disproportion between the two 
strains, it is further recommended that the longitudinal seams 
should be dotibU-nytio^ with }-inch rivets, pitched about 2^ inches 
longitudinally and 2 inches diagonally. The transverse seams are 
single-riveted, the pitch being 2 inches. To double-rivet them 
would appear to add but little to the strength of the boiler, though 
it would increase its weight and cost 

The furnace tubes diminish the area of the flat ends, and relieve 
the pressure tending to rupture the material on a transverse section ; 
they further act as stays for holding the ends together. On both 
these accounts a boiler with internal tubes becomes stronger than 
it would be without the tubes, so far as transverse rupture is con- 
cerned. The flat ends remain, however, a source of anxiety, and 
in order to support them gusset stays and tie rods are employed, 
as to which something will be said, after the disturbing action of 
heat has been noticed. 

Ex. Let a boiler be 7 feet in diameter, with two internal flues, 
each 33 inches in diameter, and made of boiler plate \ inch thick. 
To And the bursting pressures (i) along a longitudinal and (2} 
along a transverse section : 

We shall assume that w = 35,000 for the double-riveted or 
longitudinal joints, and w' = 28,000 for the single-riveted or 
transverse joints. 

\jtX f be the bursting pressure for a longitudinal section, 
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then/ = — = 35^000 ^^^.g j^^ 
r a X 42 
Calling p die value of / for a transverse section : — 
Circumference of shell s 263*89 inches 

„ each flue == 103-6 7 „ 
Making a total of . . 471*23 
Now, the tensile strength of a strip of iron single-riveted 
471*23 by \ inches m area, is 

28,000 X 471*23 X ^Ibs. 
:.f X 3,831-17 = 28,000 X 471.2 X \ 
.*. p = 1,722 lbs. 

From which we infer that the boiler is more than four times 
stronger along a transverse than a longitudinal section. These 
numbers show the extent to which the flues strengthen the shell, 
and confirm the statement which preceded the computation. 

EFFECT OF HEAT. 

133. The wear and ultimate strength of a boiler is greatlj 
influenced by adopting a construction which shall provide for the 
inevitable changes of form caused by unequal expansion and con- 
traction due to changes in temperature. Heat is motion, and as 
soon as the fire inside a furnace tube is lighted the metal on the 
top becomes more heated than the under surface, and the tube 
arches itself, in consequence of the greater expansion of the 
hotter portion. And not only so, but the tube lengthens as a 
whole, and the flat ends bulge outwards. Finally, the water be- 
comes heated, the whole structure elongates, and, unless suflident 
allowance be made for these pulsating movements, straining will 
occur, which may possibly end in rupture. 

The linear expansion of wrought iron (soft forged) under the 
action of heat is stated by Dr. Percy to be '00 12204 for a rise in 
temperature from o® C to 100® C. 

Thus a bar of iron, 30 feet long, expands about ^ inch for a 
rise in temperature of 270"* F. 

The expansion of the parts of a boiler as caused by heat is, of 
course, capable of accurate measurement, and in particular the 
fp -called 'hogging' of a furnace tube has been observed by applying 



Expansion by Heat 199 

three gauge rods attached at equal distances along the crown of 
the tube. Each rod is carried vertically upwards, and passes 
through a stuffing-box in the shell of the boiler, whereby it has 
been possible to observe very accurately the distortion of the tube. 
One boiler experimented on was 28 feet long, and it was found 
that the tube rose | inch when the flame passed around the boiler 
in the ordinary way along the side flues, and that it rose \ inch 
when the flame was carried direcdy into the chimney without 
heating the outer shell. The gauge rod at one-fourth the length 
of the boiler from the front end rose as much as that, and in one 
case it rose ^ inch more. Also the colder the water at starting 
the greater was the distortion, and generally the action was more 
severe just after lighting the fires. As soon as the whole of the 
water became permanently heated the gauge rods retired to their 
primary position, the distortion of the tubes seldom lasting for 
more than an hour. It is most instructive to read an account of 
the Lancashire boiler as given by Mr. Fletcher, at a recent meeting 
of the Institution of Mechanical Engineers (a.d. 1876), where all 
these points are fully discussed. Our object is to point out to the 
student that a boiler 30 feet long is a large piece of apparatus 
constrained to obey and exemplify the laws of the communication 
of heat, and that its structure and design should have reference 
to these laws. Thus Mr. Fletcher remarks that when furnace 
tubes are lashed to the shell they often tear themselves away from 
it, and that in one case, where a furnace tube was supported by 
means of a stay tying it to the top of the shell, it was found that 
the thrust of the tube had crumpled up the stay by compression 
and had broken it by an upward thrust, thus showing how little 
need there was for suspending the tube by a rod in order to pre- 
vent it from drooping. 

STAYS AND TIE RODS. 

134. We have seen that the double-flued boiler was introduced 
by Fairbaim, and to that engineer we are indebted for a method of 
staying the flat ends which has been generally adopted In 1856 
Sir W. Fairbaim recommended that boilers should be constructed 
of a cylindrical form, in order to obtain as nearly as possible the 
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maximum strength, and that where fiat ends were used they should 
be composed of plates one-half thicker than those forming the 
circumference. The flues, if two in number, should be of the 
came thickness as the exterior shell, and the flat ends of the boiler 
should be carefully stayed with gussets of triangular plates firmly 
connected with the shell by angle irons. Sir W. Fairbairn stated 
that in his opinion gussets are infinitely better and more certain 
in their action and retaining powers than stay rods ; also, that 
when gussets were used they should be placed in lines divergmg 
from the centre of the boiler. 

As to longitudinal stays, they are simply rods of iron, running 
from end to end and secured with double nuts, one inside the 
boiler and one outside. In the Lancashire boiler there are 
commonly two such stays, placed about 14 inches above the 
furnace crowns, one on each side of the central vertical line, 
and near together. 

The annexed drawing will give an idea of the manner in which 
the flat end of a boiler is strengthened by gusset stays. The 
portion shown is that most remote from the furnace. The in- 
ternal tube is represented by bb, and there is a vertical water 
pipe p, to which reference was made in a previous sketch. The 
furnace tube is made in lengths united by Adamson's flanged 

seam (see Art. 135). The gusset 
stays are shown at a, a, a. They 
appear in the drawing to come 
close to the tubes, but that is 
because the section of the tube 
is shown on one side of its true 
position, in order to bring it 
into the drawing. A longitudinal 
slice through the centre of the 
boiler would not indicate the 
furnace tube at all, and the latter 
is merely projected on the actual 
sectional drawing, in order to 
make one sketch perform double 
The real position of the gusset stays will be apparent 
an inspection of fig. 106, where they are indicated by 
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dotted lines. It is usually considered that there should be five 
gusset stays on the large upper area of the flat end, and they 
would then take the positions marked. It will be noted that 
Ihe middle stay supports the central area, just where the flat 
plate requires additional support, and also where it can be firmly 
held without preventing the movement of the furnace tubes. It 
is important that the ends of a boiler should be elastic, in order 
that they may yield to expansion, in which case the hogging of 
the tube would not be so great ; the conclusion being that 
the greater the rigidity of the ends the greater is the strain upon 
the tube. If the gusset stays come too near the tube a grooving 
action may be set up in the iron plate forming the end. 

It appears that such grooves are produced inside the boiler and 
all round the furnace mouth. They are believed to be due to an 
action which is partly mechanical and partly chemical. The fiirnace 
tubes are continually expanding and contracting from the alterna- 
tions of heat and cold, and there should be sufficient width of 
plate between the tubes, as well as between the circumference of 
the tubes and the ends of the gussets, to allow this bulging action 
to go on without fatiguing the metal 

Mr. Fletcher recommends that the end plates of boilers, to be 
used at a pressure of 75 lbs. per sq. inch, should be ^inch in thick- 
ness, increasing to ^j^ inch for increased pressure within moderate 
limits, excessive thickness being undesirable, as confining or re- 
straining the necessary movement of the furnace tubes. The 
object is to strengthen the end plate and yet to preserve its 
elasticity; and in carrying out this intention it is a rule to attach 
thj plate at the front of the boiler to the shell by external angle 
iron This mode of construction is not, however, adopted at the 
opposite end. 

135. The furnace flues are a vulnerable part of the boiler, inas- 
much as they are liable to yield by collapsing unless sufficiently 
strengthened 

The subject of strengthening the internal tubes of the 
I-ancashire boiler was investigated by Sir W. Fairbaim, whose 
experiments led to the following conclusions : — 

I. The strength of a tube to resist collapse by external pressure 
is inversely as its diameter. 
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2. The strength varies inversely as the length. 

3. The collapsing pressure in poimds per sq. inch 

« 806,300 X (thickness in inches.) ^''9 
Length in ft x diam. in ins. 

In these experiments the ends of the tubes were firmljr 
attached to rigid plates, and the vessel in which the compressing 
force was applied was a cast-iron cylinder 8 feet long, 28 inches in 
diameter, and 2 inches thick, which could be safely strained as far 
as 500 lbs. per sq. inch. Into this cylinder air was forced by a 
pump, and produced any required pressure on the surface of a 
quantity of water which nearly filled the cylinder, and in which the 
tube under trial was completely immersed. There were two gauges 
for reading the pressures, and a safety valve in addition, which was 
loaded by a weight 

Some of the experiments followed the law as stated above 
pretty closely. Thus, in the case of a 4-inch tube of thickness 
'043 inch, and of length 30 inches, the collapsing pressure per 
sq. inch was 93 lbs., whereas when the tube was 60 inches long the 
collapsing pressure fell to 47 lbs., which is very nearly one-half the 
former value, and verifies the law that the strength is (other things 
being equal) inversely as the length. 

Since log. 806300 = S '906496 7 = 5*9^65 approximately, and 
since the thickness of boiler tube is generally a fraction of an inch, 
it will be convenient to modify the formula as follows : — 

Let p be the collapsing pressure per sq. inch of section, e the 
thickness of the plate, l the length in feet, d the diameter in inches ; 
then 

Log. P = 5*9065 + 2*19 log. e — log. L X D 

= 1*5265 + 2-19 (2 + log. e) - log. L X D 
= i'5265 + 2-19 log. loo e — log. l x d. 

In this shape the formula is applied without difficulty, and it 
may be further simplified by putting it under the form 

A 

p= 806,300 X 

L X D 

Ex. Let the flue be 36 inches in diameter, 10 feet long, and 
\ inch thick. 

Then log. i» = r5265 + 2i9 log. 50— log. 360= log. 491. 
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Whence the collapsing pressure would be 491 lbs. and the safe 
working pressure 121 or 82 lbs. Taking the formula with 2 in 

the place of 2-19, we have collapsing pressure = 560 lbs. 

The Board of Trade has adopted a rule which dispenses 
with logarithms, and is the following : — 

Working pressure in lbs. per sq. inch = 90,000 x . 

This rule is applicable to marine boilers, where the practical 
limit of length is from 10 to 15 feet. 

The experiments made by Sir W. Fairbaim were valuable 
as calling attention to a material subject connected with 
the construction of boilers ; but it appears that a special contri- 
vance for strengthening furnace flues, while allowing at the same 
time for their expansion and contraction, had been originated 
some years prior to the researches to which reference has been 
made. At a meeting of the Institution of Mechanical Engineers 
held in 1876 Mr. Adamson stated that he had first employed a 
* flanged seam,' as it is termed, for the strengthening of furnace 
tubes as early as the year 185 1. The annexed sketch exhibits three 
forms of joint as applicable to tubes subjected 
to external pressure. The first, marked A, 
consists of a ring of T-iron riveted as shown. 
It is abundantly strong and is in a form 
which has been adopted for centuries past 
in strengthening guns. The weakness of a 
tube to resist a bursting pressure on a Ion- (C^ 

gitudinal section has been already demon- rfi-^j Lij 
strated, and a common method of strengthen- 
ing it has been to apply parallel rings 
at intervals along its length. In this way 
steam cylinders of great length, which are 
subjected alternately to a bursting and com- 
pressing pressure, have been strengthened. 
Everyone is aware of the accession of Fig. 105. 

strength caused by the flange of a pipe. 
Since action and reaction are equal and opposite, we might have 
antici|)ated that a fonn of tube constructed so as to withstand 9 
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burstbg pressure from within, would also be the form best adapted 
for resisting a collapsing pressure from without The diffiailty 
of calculation in the latter case arises from the liability to defor- 
mation, which is soon set up, after which theory is of little use in 
enabling us to predict a result 

But although the joint a has ample strength it is deficient in 
another quality which is of importance, viz., it does not permit 
any alteration of length. The whole furnace tube is rigid, and 
expands or contracts as one piece. 

Whereas, in the joint marked b the expansion or contraction ot 
each length of the tube is provided for by the arched or corrugated 
piece, and here there is increased strength combined with power 
of expanding or contracting freely. 

In the joint marked c, which is known as * Adamson's flanged 
joint,* there is the strength of the T-lron directly combined with the 
curved end, which allows of unimpeded expansion or contraction. 
The arrangement is most convenient and effective, and is particu- 
larly valuable as giving a seam where the rivets are protected from 
the furnace gases, and are, in fact, immersed in water, one conse- 
quence of the construction being that the joint will bear intense 
heat much better than any other where the rivets are exposed. 



FITTINGS FOR A BOILER. 

136. Those fittings which require frequent access are arranged 
so as to be within reach of the attendant when standing in front of 
the boiler. They will be enumerated m the order in which they 
would probably attract attention, and some are to be seen in the 
sketch annexed. 

I. The pipe for supplying the feed-water is a vertical pipe 
c D, which branches off into the boiler on one side above tfie 
level of the furnace crowns, and is carried along for (say) la feet 
in a horizontal direction, the last 4 feet of its length being per- 
forated. The importance of introducing the feed- water in such a 
manner as to avoid local contraction should now be pointed out 

Suppose that a supply of feed-water, not previously heated, 
is introduced at the bottom of a boiler. The water enters after 
th^ whol^ structure has been hented, and has therefore become 
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larger throughout The effect of the colder water is to cause 
contraction of the vmder surface, but the rest of the boiler is 
onwilling to yield, and a straining action is set up which tries 
all the joints. Whether the upper portion is unduly heated at 
first, in anticipation of the general enlargement which finally 
takes place, or whether after the whole structure has been heated 
the lower portion becomes cooled, the eflFect is equally bad — 
one part of the boiler is pulling against the other, and the joints 
are strained. Hence the better plan appears to be to carry tlie 




feed- water for some distance along the interior of the boiler, and 
tlien to disperse it, so as to moderate as far as possible any in- 
equality of temperature. 

On the opposite side of the boiler there is a vertical pipe b r, 
intended for removing the scum which may have collected in a 
sediment-catching trough, inside the boiler, with which it com- 
municates. 

At the bottom there is a blow-out cock, marked h, for clearing 
out the water when necessary. 
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a. The furnace mouth-pieces are fitted with fire-doors, which 
are provided with some arrangement for admitting a variable 
supply of air. For example, there may be a ventilating grid, as it is 
termed, on the outside and a perforated box-plate on the inside, the 
aggregate area of the air-passages being about 3 sq. inches for 
each sq. foot of firegrate. 

The standard length for the firegrate is 6 feet, with bars about 
} inch thick and | inch apart The bearers are wrought-iron 
bars, supported on brackets. 

3. The Pressure Gauge, — ^A form of gauge very commonly met 
with has been in use for more than twenty years, and was invented 
by M. Bourdon, a French engineer. The circumstances attending 
the application of a new principle in the measurement of fluid 
pressure show the advantage of reasoning closely upon observed 
facts. When a discovery is made everyone says how simple it is, 
and wonders that it was never thought of before. In the present 
instance M. Bourdon was engaged in repairing the worm-pipe 
of a still which had become flattened, and he endeavoured to 
restore its original form by forcing water with a powerful pump 
into the interior of the tube. In doing so it was observed that 
the flattened tube tended to uncoil itself, and further experiments 
showed that the action of uncoiling might be applied in the con- 
struction of a pressure gauge. 

The sketch (fig. 108) is taken from a model belonging to the 
School of Mines, and serves to exhibit the action of the gauge as 
well as to test its accuracy as a measuring instrument The gauge 
consists of a flattened tube ee^ connected at one end with a pipe 
containing fluid under pressure. The other end of the tube is 
closed, and is attached to a link connected with a segmental rack 
which is in gear with a pinion /, and thereby moves an index- 
finger over a scale. The index-finger and the graduations are 
shown separately in a reverse view of the circular case which con- 
tuns the tube. At d is an opening into which one end of a force- 
pump is screwed tightly, so as to fill the tube with compressed air. 
At H and a are stopcocks, the convenience of which is obvious ; 
and it will be seen that beyond a there is a vertical piece of gas- 
tubing, which supports an ordinary mercurial siphon gauge. At 
B there b a cap or nut, which can be unscrewed, so as to admit air, 
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or to give access to the shorter leg of the gauge when required 
Upon opening the stopcocks at a and h and forcing in air by the 
pump at D, it will be found that the circular tube straightens itself 
a little and pulls the end of the segmental arc sufficiently to turn 
the pinion / and to rotate the index-finger. When the mercury 





Fig. 107. 



Fig. 108. 



sinks through i inch in either leg of the siphon it rises also to the 
same amount in the other leg, and the diflference of level is, 
therefore, a inches, which roughly corresponds to i lb. in pres- 
sure. The graduations of inches on the vertical scale correspond, 
therefore, to pounds in pressure as read off on the circular dial- 
plate ] and it will be found that the index-finger travels round the 
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that the movement should be magnified in a greater degree. As 
to the material, that is commonly thin brass, but sometimes the 
tube is made of steel 

Another form of gauge which has been extensively used is the 
* Smith gauge/ where a small diaphragm of indiarubber is confined 
by a flange at the top of a tube, and is acted upon directly by the 
steam on one side. The yielding of the diaphragm is restrained by a 
volute spring of steel, wound roimd and round in a close flat spiral 
like the spring of a watch, but with its central portion projecting 
a little downwards when at rest, so as to cause the diaphragm to bo 
somewhat convex on the steam side when the pressure is cut off. 
At medium pressures the spring becomes quite flat, and at extreme 
pressures it curves inwards. The centre of the spring is attached 
to an upright rod terminating in a straight rack, which actuates a 
pinion and gives motion to the index-finger. 

4. The water-gauges^ marked / in the drawing. Of these 
there are two, so that one may act as a check on the other. 

In fig. 107 there is also a sectional elevation of a water 
gauge, in which the outline of the instrument is shown, but no 
attempt is made to indicate the separate metal pieces, which are 
screwed together, so as to permit of the tube being removed and 
packed. All that is shown is a glass tube a, inserted into the 
supports by removing the cap d^ and packed so as to be steam and 
water tight There are three stopcocks — ^viz., at a, b, c — which can 
be opened or closed, at pleasure. Ordinarily c is closed, while 
A and B remain open; but, if required, any of the passages 
can be blown through by steam or water from the boiler. 

Gauge-cocks answer tlie same purpose as the glass tube in the 
water gauge. They are three small cocks, placed one above the 
other, and opening directly into the boiler, the middle one being 
on the line of the usual water level 

5. Connecting pipes, such as the feed-pipe, or main steam-pipe, 
should be elastic, so as to allow of some movement under changes 
of temperature. Thus a copper elbow-pipe or a wrought-iron 
horseshoe-shaped pipe may be introduced where necessary, and 
will yield by bending, so as to relieve the thrust or pull caused by 
expansion or contraction. So, again, if the main steam-pipe be 
carried acroes the boilers and bolted direct to the steam junction- 

p 
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valve the joints would be strained by the rising or falling of the 
boilers when heated and cooled. To prevent any injurious action 
from this cause a springing length is introduced between the steam 
stop-valve (which is secured just above the boiler) and the main 
steam-pipe; 

Many boilers have a steam dome, from which the supply of 
steam is drawn, but in others it is omitted, and an internal 
perforated pipe or anti-primir^ pipe is adopted instead of the 
dome. 

SAFETY-VALVES. 

137. The ordinary safety-valve, held down by a lever and 
weight, was invented by Papin before the date of Newcomen's 
engine, and the annexed sketch, taken from one of Dr. Anderson's 
lecture diagrams, shows the manner in which it is customary to 
explain this well-known application of the principle of the lever 




Fio. no. 

The general construction is apparent from the drawing, the valve 
A B being pressed upon its seat by the action of the weight w hung 
at the end of the arm c d. The fulcrum of the lever is at c, and 
the arm c d is supposed, for simplicity, in the first instance to have 
no weight ; also c m = i, and the points l, e, h, d are at dis- 
tances from c respectively represented by the numbers 3, 4, 5, and 
6, whence it follows that if the valve be lifted through a small 
space the motion of d will be six times that of m, and so for the 
other points, l, e, h, the numbers 3, 4, 5 indicating: the relative 
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oiotions of these respective points as compared with that of the 
valve itself. 

Let the area of the valve be 20 square inches, and let w be 
200 lbs. 

1. Let w be hung at d ; then by the principle of work, 

pressure of steam onABxi=wx6; 

or, pressure of steam per square inch x ao s 200 x 6| 

•*. pressure of steam per square inch = 60 lbs, 

2. Let w be hung at h; then 

pressure per square inch x 20 = w x 5 = 200 x 5, 
/. pressure of steam per square inch = 50 lbs., 
and so for the remaining positions of w. 

Note, — It is necessary to take into account both the weight of 
the lever and that of the valve. As to the former, it is clear that 
tlie weight of the lever makes a slight increase to w, which can be 
found by trial, remembering that the product of the weight of the 
lever into the distance of its centre of gravity from c is equal to 
the product of c d into the increase of w. And this latter can, 
therefore, be found when we know the weight of the lever and the 
position of its centre of gravity. The problem is that occurring 
in the case of an ordinary steelyard. As to the weight of the 
valve, that is merely to be added to the load on a b, produced by 
w and the weight of the lever. 

138. The construction of a safety-valve may be varied from its 
original type in two principal ways : — 

I. The lever may be retained, but the weight may be replaced 
by a spring balance. This construction is very commonly to be 
seen in the case of locomotive boilers, and the substitution of a 
spring for a weight is an obvious alteration. 

We may here examine a form of compound safety-valve, which 
is different from the ordinary valve, and which is applied on the 
North- Western Railway. It appears that in 1855 ^r* Ramsbot- 
tom obtained a patent (No. 1,299) for an improved mode of load- 
ing safety-valves, wherein * two safety-valves, connected by a cross- 
bar, were placed at such a distance apart as to admit of a spring 
or weight being applied between the two of silfficient power to 
resist the pressure on both valves.' By this arrangement the ordi- 
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nary spring balance was dispensed with, and the pressure on the 
valves, when once adjusted, could not be increased. Also the 
crossbar was prolonged at one end, in order to serve as a handle 
for feeling the working condition of the valves. 

Mr. Ramsbottom considers that the range of lift for blowing 
off (owing to the non-intervention of levers between the valve and 
spring by which it is loaded, and regard being had to the dimen- 

rions of the spring itself) is 
^ here about three times as 
great as in the ordinary lever 
and spring-balance valve. 

The sketch is taken from 
the specification of the patent 
The valves a and b are shown 
resting on their seats, being 
made with conical recesses to 
receive the points of the 
cross-bar d e. The spring is 
of sufficient power to hold 
down both valves, and the 
point of its attachment to the crossbar at c is below the bearing 
points of the same bar on the respective valves. The tension of 
the spring is adjusted by a bridle and set screws at h. 

When the pressure of the steam overcomes the resistance of the 
spring the valves are raised ; and if one, as a, rises more than the 
other, the spring leans towards a a little, by reason that the point 
of attachment of the spring is lower than the point of the lever 
bearing on the valve, and thus b is relieved from a part of its load. 
This arrangement tends, therefore, to seciure the simultaneous 
action of both valves. 

a. The lever may be dispensed with, and the valve may be 
loaded by a weight placed directly over it, or may be held down by 
a spring also applied directly, when we have a 'dead weight' or 
direct * spring-loaded ' valve. 

The examples hitherto given show the common methods of 
guiding the valve. There is (i) a central pin of some length and 
small diameter, as in fig. i lo; or (2) there are wings radiating from 
a central axis, as indicated in fig. 11 1. 
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Where the weight is applied directly to a valve some guide is 
necessary, but there is a form of dead weight safety-valve, largely 
used in stationary engines, where guides are not required ; and in- 
asmuch as they cause friction, and may possibly become jammed 
it is an advantage to dispense with thenu 

The contrivance now referred to is known as a 'Cowbom 
valve,' and the construction is so simple that it will be readily un- 
derstood without a drawing. The valve is spherical, and is placed 
on the top of a vertical pipe, outside which there is a casing loaded 
with annular discs of metal The centre of gravity of the load is 
below the sur&ce of the seating, and the result is that the valve, 
after having been lifted, drops at once into its position, and that 
no wings or central pin are necessary. 

The diameter generally adopted is as much as 4 inches, which 
requires a load of about 8 cwt for blowing off at 75 lbs. pressure. 
The great weight of the load is an element of seciurity, as any 
addition which materially varied the steam pressure could only be 
obtained by putting on a weight the size of which would at once 
attract observation. In practice the weights are annular rings, and 
the shell on which they rest is cast with mouldings around it, near 
the bottom, which present the same appearance, the whole being 
so adjusted that each moulding as well as each annular plate re- 
presents 5 lbs. per square inch in the total pressure of the steam 
within the boiler. 

Where the valve lever is held down by a spring the proportions 
of the lever are commonly arranged so that i lb. tension of the 
spring as graduated is equd to i lb. per square inch in the pressure 
on the valve. 

139. By an Ingenious variation in the construction of a safety- 
valve it is possible to arrange that the valve shall blow off, not 
only when the pressure of the steam rises beyond a certain limit, 
but also when the level of the water in the boiler sinks below a 
given point The apparatus is then a combination of two distinct 
parts, each operating independently of the other. Take, for ex- 
ample, the low-water safety-valve by Mr. Hopkinson. This may 
consist of an outer valve 5 inches in diameter, in the form of an 
annulus or ring, which would be held down by a lever and weight, 
and would be precisely the same in its action as an ordinary safety- 



f i4 The Steam Engine. 

valve. The central area of the ring is filled up with a circular disc- 
valve (say) 3^ inches in diameter, which is loaded by a dead weight 
hanging inside the boiler. This central valve cannot rise until the 
pressure of the steam overcomes the weight ; and we have, there- 
fore, as far as the description goes at present, an ordinary safety- 
valve, 5 inches in diameter, but made of two parts, separately loaded. 

Inside the boiler, and suspended from the crown thereof, is a 
lever, having a slab of stone at one end, and a weight, sufficient \o 
counterbalance the weight of the slab when immersed in water, 
supported at the other end. Under these circumstances the lever 
is balanced so long as the stone slab or float is just immersed. 
The Ime of direction of the spindle of the smaller valve — ^viz., that 
2^ inches in diameter — passes near the fiilcrum of the lever carrying 
the float and counterpoise, and it is arranged that when the water 
in the boiler sinks below a certain level the depression of the 
stone float raises the opposite arm of the lever sufliciently to lid 
the smaller valve together with the dead weight hanging within the 
boiler, and thereby opens a passage for the escape ofsteanu Thus 
the valve f ilfils the double purpose required of it 

140. One practical diflftculty connected with the safety-valve 
arises from the deficiency of lift when the steam is blowing ofi^ 
whereby the internal steam pressure may considerably exceed that 
to which the valve is loaded. 

This has been matter of common observation for many years 
past, and various modifications have been proposed in order to 
remedy the defect. For example, in 1856 Mr. Hawthorn made 
some experiments on the Newcastle and Carlisle Railway, where 
two valves were fitted to the same locomorive boiler, viz., ( i ) a 
conmion mitre-valve, 4 inches in diameter, and (2) an annular 
safety-valve, as patented by himself in 1854, No. 2,582. The 
heating surface was here 6352 sq. feet in the firebox, and 681-25 
sq. feet in the tubes, making a total of 74477 sq. feet Also, each 
valve was loaded so as to lift at a pressure of 58 lbs. per sq. inch, 
as indicated by Smith's gauge. 

When the annular valve was locked down and the mitre-valve 
was open, the steam pressure rose to 68 lbs. on the gauge, show- 
ing an excess of pressure of 10 lbs. The steam was now blow- 
ing ofif strongly at 68 lbs., and the annular valve was released, 
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Rrhile the mitre-value was locked. The steam pressure immedi- 
ately fell to 60^ lbs., at which it remained without change. Other 
experiments of the same kind gave similar results ; and in particu- 
lar in the case of a goods engine for the East Indian Railway, 
having two mitre-valves of 3^ inches in diameter, and loaded to 
105 lbs., the heating surface being 102 sq. feet in the firebox, and 
1035 in the tubes, it was found that the pressure rose to 130 lbs. 

On this subject Mr. Webb has stated, at a recent meeting of 
the Mechanical Engineers, that, with the Ramsbottom system of 
two valves 3 inches in diameter, he had never found the steam to 
rise in locomotive boilers more than 5 or 6 lbs. above the pressure 
at which the valve was set to blow off. 

He has also described an experiment which deserves atten- 
tion, viz., that in the case of a locomotive boiler, when hard fired 
and with a perfectly open outlet pipe for the escape of steam one 
inch in diameter, it was possible to raise the steam pressure to some- 
thing like I o lbs. above the proper pressure, whereas with a pipe 
i^ inches in diameter ' he could not raise the steam pressure at all' 

Ic appears to be considered that two causes are at work to pro- 
duce this excess of internal steam pressure when blowing off, viz., 
(i) the increased resistance of the spring as due to the lift of the 
valve, and (2) some unexplained action of the escaping steam in 
relieving the pressure on the under surface of the valve. 

Mr. Naylor has accordingly patented (a.d. 1863, No. 1,830) an 
improved valve, wherein a bent lever of the first order is interposed 
between the valve and the spring, it being arranged that the 
leverage on the side of the spring shall become less as the valve 
rises, whereby the defect caused by the spring is got rid of, and 
where it may easily happen that the pressure of the spring on the 
i'alve when fully open is rather less than when it rests upon its seat 

ON THE BURNING OF FUEL IN THE FURNACE OF A BOILER. 

141. It being agreed that heat is the agent which does work in 
an engine, and that steam, air, or vapour are but the instruments 
for transmitting the motion of heat to the machinery, our object 
will be to store up in an elastic working substance the heat de- 
rived from fuel, and to guard against loss as far as possible. 
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As a general rule chemical combination is accompanied by the 
evolution or production of heat, and chemical decomposition by the 
disappearance of heat equal in amount to that produced during 
the previous combination of the elements which are undergoing 
separation. 

Combustion^ or burning, is the name given to rapid chemical 
combination attended with the evolution of intense heat 

It is necessary to bear these facts in mind in estimating the 
heating effect of fuel. Thus, where hydrogen and oxygen exist in 
coal in the proportion necessary for forming water (viz., one of 
hydrogen to eight of oxygen by weight), it is usual to assume thaf 
they do not influence the heat of combustion. The hydrogen is 
taken to have been already burnt in oxygen. In coal there may 
be 5 per cent of hydrogen and 4 per cent of oxygen ; this would 
leave 4^ per cent of hydrogen available for heating purposes. 

There appear to be exceptions to the above rule, and Dr. 
Percy gives the results of an experiment where two coals closely 
agreeing in ultimate composition have been found to differ by 5 
per cent in calorific power. 

The composition of various kinds of coal is given by Dr. 
Percy, in his work on fuel, and it is well known that the differences 
in the constituent parts of coal are very great, and give rise to quali- 
ties of various kinds which influence the selection to be made for 
heating purposes. Taking examples of an analysis of coal, we find — 



Locality of Coal 


Carb. 


Hyd. 


Ox. and 

Nit. 

lO-II 

9-95 
679 

3-8i 


Sulph. 

•93 

74 

1-42 

•91 


Ash 


Watct 


Lancashire .... 
Northumberland . 
Derbyshire .... 
Anthracite, South Wales 


75-90 
8r4X 
83-18 

90-39 


5-83 
4-76 
3-28 


2*02 
207 
170 

I -61 


5-90 
1-35 
21S 
20 



The heat given out in the burning of hydyogen and carbon is 
estimated as follows : — 

Units of heat. 

I lb. hydrogen consumes about 36 lbs. air, and gives out . 62,032 
„ carbon, burnt to CO, „ 6 lbs. „ „ . 4,45 a 

, carbon, btimt to COa „ 12 lbs. „ „ . 14,545 
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According to Dr. Percy the calorific power of a substance is 
the number of units of heat produced by the combustion of a 
unit of weight of the substance ; and if the unit of heat be defined 
according to the Centigrade scale, 

Calorific power of hydrogen is 34,463 

„ n carbon „ 2,473 when burnt to . CO. 

II »» carbon „ 8,080, „ . CO, 

Also 1 lb. of hydrogen evaporates 64-2 lbs. of water at 212® F. 
„ carbon burnt to CO „ 4*6 „ „ 

„ carbon burnt to COj „ 15 „ „ 

It does not appear that the absolute heat of combustion can 
be increased, but it is easy to pile up the waves of heat in an 
enclosed space, and thereby to increase wonderfully the apparent 
power of the combustion. 

Upon this point we may refer to a lecture experiment by 
Faraday, who showed that it was possible to melt platinum in the 
flame of a common candle. As to the properties of platinum Dr. 
W. A. Miller states * that platinum resists the highest heat of the 
forge, and can only be fused by the voltaic battery or by the oxy- 
hydrogen blowpipe.' Any attempt, therefore, to melt it by an open 
flame would appear to be hopeless. But Faraday's proposition 
was that the heat of burning hydrogen is the same wherever it 
is produced, and he operated with a platinum wire attenuated to 
a degree quite beyond the reach of ordinary manipulation, when it 
was found that the end of the wire was actually melted and ran into 
a little solid bead, which could be seen when magnified. 

The furnace may be looked upon as a laige chemical apparatus 
in which coal and air are to be mixed together in the proportion best 
adapted foi burning the fuel without waste. In performing this 
operation an engineer falls very far behind a scientific chemist 
when operating on a small scale in his laboratory. Thus a chemist, 
in burning one pound of ordinary coal in a carefully protected 
chamber, would cause the heat from the fiiel to evaporate (say) 
14 lbs. of water, whereas the evaporation per pound of ccal in a 
steam boiler seldom exceeds 10 lbs. or 10^ lbs. of water, a common 
performance being the evaporation of from 6 lbs. to 8 lbs. of water, 
looking at the question as one of admixture of fuel and air, the 
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rough numbers usually quoted on the authority of Rankine are 
the following : — 

For the actual burning of ordinary coal in a furnace 1 2 lbs. of 
air are required in order to combme with the constituents of 
each I lb. of coal. 

But the gaseous products of combustion must be largely 
diluted, otherwise the air would not get at the fuel, and for thi? 
dilution as much air again is required, making a supply of 24 lb&. 
of air to each i lb. of fuel 

Note, — 13 cubic feet of air, at 60** F. and under a pressure of 30 
inches of mercury, weigh about i lb. Therefore 312 cubic feet 
of air are required for each i lb. of fuel, which comes to nearly 
700,000 cubic feet of air for the effective burning of one ton of 
coal. 

That gas and hydrocarbon vapour proceeding from coal re- 
quire a good supply of air for burning was frequendy shown by 
Faraday in a lecture experiment, and his illustration goes to the 
substance of the whole matter. The device was to soak a little 
cotton-wool in any hydrocarbon liquid and set it on fire in a jar 
of oxygen gas. In such a case the hydrogen devours the oxygen 
and the flame lights up with dazzling brilliancy, but very soon the 
supply of oxygen fails, the light becomes less, when all at once, 
for no apparent reason, the burning wool throws out a dense 
mass of Mack flakes which fill the jar in a thick cloud. The 
quantity of soot ejected would surprise anyone but a chemist, as 
few would be aware that the unbumt liquid was capable of 
throwing out such a supply of carbon. It is needless to say that 
the effect here produced in the jar of oxygen is the same as that 
occurring in the chimney of a steam boiler when the supply of air 
is defective, the result being that so frequently seen, viz., the pour- 
ing out of dense black smoke into the atmosphere. 

The loss of heat from unbumt gases may also take place with- 
out being made evident by the issuing of smoke. Thus carbonic 
oxide (CO) may pass away instead of carbonic acid (COa). 

142, There have been a great number of inventions relating to 
the prevention of smoke in steam boilers, which cannot be dis- 
cussed \\\ the space available, and it may suffice to mention that 
Watt invented a ^ dead platc^ \ that is, a horizontal or slightly 
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LDcUned plate at the mouth of a furnace, on which each fresh 
charge of coal is placed, in order to be subjected to a species of 
preliminary distillation, whereby the hydrocarbons are ehminated 
before the residual carbon is pushed forward on the furnace bars 
beyond the plate. This plan, where proper provision is made for 
the supply of air, appears to obviate the production of smoke as 
effectually as any other contrivance. In burning anthracite a dead 
plate is said to be useful for heating the fuel gradually', as other- 
wise it would fly into small pieces, causing waste. 

There is also a class of contrivances where mechanical feed- 
ing takes the place of hand labour, the grate bars being connected 
80 as to form an endless chain, or the oscillation of alternate bars 
throwing forward the fuel by a rocking movement 

Another class of contrivances deals with the supply of air both 
above the fuel, to bum the gas, and below it, to bum the carbon* 
The supply of air through the furnace doors may be regulated by 
self-closing ventilators, like Venetian blinds, and the air itself 
is, by the arrangement of the plates, warmed as it enters the 
furnace. 

Another plan depends on the double furnace with alternate 
firing. It is apparent that in the Lancashire boiler widi two 
fumace tubes it is possible to keep one furnace always clear, and 
to bum, by means of the gas proceeding therefrom, the smoke 
proceeding from a fresh supply of coal in the other chamber. 

Sir W. Fairbaim thus comments on this invention: — 'The 
principle of double furnaces within the same boiler was first intro- 
duced by myself. The two flues enable the stoker to fire alter- 
nately, and to maintain a more uniform generation of steam than 
with a single flue, and the flame, passing from one flue and mingling 
with the gases from the other, assists in their combustion. I be- 
lieve that this simple system of altemate firing, when conjoined 
with the requisites of the economical generation of steam, viz., 
plenty of capacity in tlie boiler, sufficient admission of air, and, 
what is quite as necessary, careful and attentive stoking, will effect 
the prevention of smoke without any costly apparatus, so far as 
that is possible with any given description of fuel. Again, a 
double fumace tends to equalise the supply of air. The two 
furnaces, when fed altemately, will not require a maximum or 



220 TIte Steam Engine. 

minimum qiiintity at the same time ; and as the two cuirents of 
gaseous products mingle, the surplus air of the one furnace wiU 
supply the deficiencies of the other.' 

143. The various modes in which fuel is wasted have been 
classified by Rankine somewhat as follows : — 

1. Fuel is lost by the escape of gases in an unbumt state, or 
by permitting black smoke to be thrown off. Here the supply of 
air is defective, and the physical action is traced to the remarkable 
affinity of hydrogen for oxygen gas, whereby the oxygen is absorbed 
to the exclusion of carbon in the first instance. 

2. There is waste from external radiation and conduction. 

M. Peclet states that the quantity of heat radiated from incan- 
descent charcoal, is *5 of the total heat of combustion, and that 
the heat radiated from coal somewhat exceeds that radiated from 
charcoal. 

The practical conclusion to be drawn from this statement is, 
that the heat radiated from the burning fuel should be carefully 
intercepted in every direction. Hence the economy resulting 
from the use of a Cornish or Lancashire boiler with internal 
furnace tubes. 

As to the furnace door, that is in tlie form of a double plate, 
with perforations not coinciding, or there are plates set obliquely, 
like Venetian blinds. 

As to the heat radiated into the ash-pit, that is carried back 
again to the fire by the current of entering air. 

In respect of the loss of heat by conduction, that is obviated 
as much as possible by the use of firebrick, and where the fiimace 
is outside the boiler the resistance to conduction is increased by 
double layers of brickwork, with enclosed air-spaces between the 
layers. 

3. There is loss of heat by the escape of gases up the chimney 
at a temperature above that which is necessary for maintaining the 
draught 

A general iaea of the value of a chimney in promoting the 
draught of a fire may be gathered from a statement of a law 
which appears to be approximately true, viz., that the velocity of 
air, as due to increased pressure, is that acquired in falling down a 
height equal to the uniform column which gives the increased 
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pressure. In making any calculations on this subject it is usual 
to adopt the hjrpothesis that air is incompressible and behaves as 
a liquid. 

Let the increase of pressure support 5 inches of water. We 
know that 29*922 x 1 3*596 inches of water balance the pressure of 
the atmosphere which would be produced by a stratum of in- 
compressible air 26,214 feet high. Therefore, i inch of water 
will balance 64*4 feet of air. Hence 5 inches of water balance 
322 feet of air; therefore velocity due to increase of pressure 



= \/ 64*4 X 322 

= 64-4V's" 

= 144 feet per second very nearly. 

According to the old rule the area of the chimney should be 
^ that of the fire-grate, and there should be i square foot of 
fire-grate for each horse-power. The consumption of coals per 
horse-power being estimated, Mr. Bourne gives Boulton and Watt's 
rule for proportioning the dimensions of land chimneys, according 
to which a factory chimney 80 feet high would have a sectioned 
area of 400 square inches, the consumption of coal being 300 lbs. 
per hour, and the suction of the chimney being that due to a pres- 
sure of a little more than 1 inch of water. 

Rankine gives formula for computing the height of a chimney 
in order to produce a given draught, and states that the best 
cliimney draught takes place when the absolute temperature of the 
gas in the chimney is to that of the external air as 25 to 12, or 
when the density of the hot gas is one-half that of the external air. 

For example, if the temperature of the external air be 50** F., 
the best temperature of the hot gas in the chimney will, according 
to this rule, be 602^ F., which is less than that of melting lead, 
viz., 620® F. Hence the rule, that to insure the best possible 
draught in a chimney the temperature of the hot gas should 
be nearly sufficient to melt lead. 

If the temperature of the furnace itself be estimated at 2,400 F., 
and that of the issuing gases at firom 600** F. to 700** F., or even 
higher, as is often the case, we see that 25 per cent, of the heat of 
combustion passes up the chimney and is consumed in producing 
a draught of air through the furnace gmte. The loss of heat from 
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the waste gases may be lessened by the use of an * economiser * 
for heating the feed-water. Thus, in the case of some quadruple 
engines by Mr. Adamson, described in Chapter VII., the steam is 
supplied by two boilers, each 30 feet long by 7 feet diameter. 
The temperature of the injection-water is set down at 80® F., 
that of the feed-water from the condenser is 114** F., after which 
it passes through an economiser in the flue, consisting of 192 
upright pipes each 10 feet long and 4 inches in diameter, where 
the temperature is raised as high as 262® F. ; the temperature 
of steam in the boilers being 344** F. 

Sir W. Fairbaim, in his treatise on 'Mills and Millwork,' 
p. 277, describes an economiser introduced by Mr. Green, of 
Wakefield, as consisting of a series of upright tubes forming a 
supplementary boiler placed in the main flues, and states that the 
' formation of soot on the pipes was the source of the ill success 
of previous attempts in this direction. This difliculty has been 
overcome by an apparatus of scrapers or cleaners ; ' and it is found 
' that when the waste gases escape at a temperature of 400** F. or 
500** F. the feed- water can be heated to an average of 225** F., 
the temperature of the gases after leaving the pipes being reduced 
to 250** F. To produce this effect 10 square feet of heating 
surface should be provided for each horse-power.' 

4. Fuel is wasted by brittleness, dust and small pieces dropping 
unbumt through the bars into the ashpit. 

5. The fuel is rendered less effective by the presence of earthy 
compounds, which form clinkers, abstract heat uselessly, and choke 
up the grate. 



THE LOCOMOTIVE BOILER. 

144. In the Museum of the Patent Office there are placed, 
adjoining each other, two historical locomotive engines which 
show the form in which our present system of railway travelling 
was originated. 

The first is the so-called ' Puffing Billy,' bearing the following 
label : * This is the oldest locomotive engine in existence, and the 
first which ran with a smooth wheel upon a smooth rail. It was 
constructed, under Mr. Hedley's patent (a.d. 1813, No. 3,666), 
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for C. Blackctt, Esq., the proprietor of the Wylam Colliery, 
near Newcastle-upon-T3rne. After many trials and alterations it 
commenced regular working in 181 3, and was kept in use until 
June 6, 1872, when it was purchased for the Patent Museum.' 

The second is Stephenson's * Rocket,' being the engine which 
competed for and gained a prize of 500/. offered in 1829 by the 
directors of the Liverpool and Manchester Railway Company for 
the best locomotive engine which should draw three times its own 
weight up)on a level road at the rate of ten miles per hour. 

Mr. N. Wood, in his treatise on railroads, speaks of the im* 
provements made upon locomotive engines before 1829, and shows 
their gradual development into the most perfect specimen which 
existed prior to Stephenson's invention, viz., the engine in use on 
the Killingworth Railway. He states ' that the locomotion of these 
engines was effected by the action of the wheels upon the rail, 
without the aid of any extraneous mechanism, and consisted of 
the hold or adhesion of the smface of the wheels against the 
surface of the rail' 

The boiler of the Killingworth engine was of malleable iron, 
cylindrical, with spherical ends of large radius. It was 9 feet 
long, 4 feet in diameter, with a cylindrical internal tube 2 feet in 
diameter passing through the boiler at a distance of 2 inches from 
the bottom, and terminating in the chimney, the firegrate being 
within the tube. In Mr. Blaoketfs engine the tube was carried 
round and brought back to the firegrate end, alongside of which 
was the chimney. 

In applying the steam-engine to the purposes of locomotion 
the steam is of necessity used at a high pressure, and escapes into 
the external air after doing its work in the cylinder. The con- 
sumption of steam is therefore enormous, and the student should 
scrutinise minutely the progress made in solving the problem ol 
generating a sufficient supply of steam within the limited space 
occupied by the boiler and firegrate. 

It is stated that the heating surface in the old Killingworth 
boiler was 2975 sq. feet, and that the engine evaporated 16 cubic 
feet of water in an hour, the average speed of the train being six 
miles per hour, and the weight of the load 50 tons. 

The engines attached to the early locomotive were very rough 
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in construction. There were two steam cylinders, placed vertically 
and usually partly within the boiler. The pistons worked cranks 
respectively at right angles, and the engine ran upon four smooth 
wheels, with flanges on the inside, the naves and spokes being 
made of cast iron. In the Killingworth engine the wheels were 
4 feet in diameter, and were coupled together, the boiler resting 
on a square frame of wood supported by springs, two on each side. 
It would be interesting to show the exact mode in which the 
power was communicated from the engine to the driving wheels in 
each early type of engine, but an explanation could not be given 
clearly without drawings (for which there is not space), and for in- 
formation on this point we must refer to other technical treatises. 

Although at the present day we may regard almost with a 
smile the early engravings of a line of railway with the stone 
sleepers, the fish-bellied rails, and the imperfect methods of con- 
necting the different lengths, so as to make a continuous road, yet 
the whole invention is pretty clearly to be seen as far as the railway 
is concerned, and but little improvement is required in order to 
bring it up to modem ideas. As regards the boiler and engine 
the case is different, for the interval bridged over between the 
Killingworth engine and the Rocket was very great, and there was 
apparently nothing to lead from the one to the other. 

It is dangerous to enter too closely upon the claims of in- 
ventors, and, according to a French writer, the tubular boUer was 
originated by M. Seguin, of the Lyons Railway, who patented his 
invention in France in 1828, and altered two boilers sent over by 
Stephenson in 1829. Also the height of the chimney being in- 
competent to maintain the draught through the tube, a circular 
fan was added, but this was found less effective than M. Pelletan's 
plan of discharging the waste steam into the chimney. The 
writer goes on to remark that the problem was thus fully solved, 
' and, as usual, England appropriated the invention of the two 
French engineers.' 

As to the steam-jet, that had been directed into the chimney 
of a Killingworth engine by Stephenson in 1825 ; but the chimney 
was large, and Mr. Wood considered that although it promoted 
evaporation it wasted fuel. 

It has been mentioned that a prize was offered in 1829 for the 
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best locomotive engine. The trial was to take place on a i^ mile 
course, with jf mile extra at each end for starting and stopping. 
Twenty double trips were to be made. 
Three engines were entered : — 

1. The Rocket, by R. Stephenson, of Newcastle. 

2. The Sanspareil, by T. Hackworth, of Shildon. 

3. The Novelty, by Braithwaite and Ericsson, of London. 
The Rocket had a cylindrical boiler, with flat ends, 6 feet long, 

and 3 feet 4 inches in diameter. The fire-box in the rear of the 
engine was 2 feet long, 3 feet broad, and 3 feet deep, inside 
measure, and was surrounded by a 3-inch water space. The flue 
consisted of 25 tubes, 3 inches in diameter, which are stated to 
have been adopted at the suggestion of Mr. Booth. The cylinders 
were two in number, placed obliquely next the fire-box, and work- 
ing the fore wheels ; they were 8 inches in diameter and 16^ 
inches stroke. The driving wheels were 4 feet 8 inches in dia- 
meter. It was originally intended that the exhaust should be 
directed into the open air, but the night before the trial an alter- 
ation was made, and the waste steam pipe was directed into the 
funnel. The fire-box surface was 20 feet, and the tube surface 
117-8 feet. The engine, with its tender, weighed 7 J tons. For 
the above statements Mr. D. K. Clark is our authority. 

The Sanspareil had a cylindrical boiler, 6 feet long and 4 feet 
2 inches in diameter. Within the boiler was a horseshoe flue, 
containing the firegrate. The cylinders were vertical, and the 
wheels were coupled. • 

The Novelty had an internal flue traversing the boiler three 
times, and the fire was urged by a bellows. 

At the tria>the Rocket was victorious, being the only engine 
that ran the stipulated 70 miles. The average speed was 13*8 
miles per hour, the greatest speed being 29 miles per hour. Coke 
consumed, '91 lb. per ton of load. 

The Sanspareil ran at an average of 14 miles per hour, the 
greatest speed being 22^ miles. Coke consumed, 2*41 lbs. per 
ton of load. 

The Novelty broke down. 

After the trial the orifice of the exhaust tube of the Rocket 
was contracted, to sharpen the blast and promote the generation of 

Q 
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steam. The amount of water evaporated was then 29*6 cubic 
feet per hour. The number of tubes was soon increased, till it 
reached, say 170, instead of 25, the amount of heating surface 
being raised so that the comparative numbers became roughly : — 
Killingworth engine, heating surface, 30 square feet 
Rocket engine, „ >> ii3 „ 

Narrow gauge engine, „ „ 1,000 „ 

The amount of water evaporated rising to some 100 cubic feet per 
hour. 

The annexed drawing is copied from a lecture diagram, and 
may serve to give a general idea of the locomotive boiler as it was 
constructed some years after Stephenson's invention. The fire-box 
is at one end, marked a f, the firebars being at f. This box, for 

\r7 




Fig. 112. 



holding the fuel, is generally made of copper, on account of llie 
superior conducting power of that metal for heat Dr. Tyndall 
describes a good lecture experiment for showing tliat copper is a 
better conductor of heat than iron. A thermo-electric pile, con- 
nected with a galvanometer, is laid on a table with its face up- 
wards, and upon it is placed a cylinder of copper, 2 inches long, 
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with flat ends, and just large enough to cover the whole face of 
the pile. A small block of iron, taken from a vessel of boiling 
water, is placed on the copper, and as soon as the heat has traveUed 
through the metal and reaches the pile the needle of the galva- 
nometer swings round to its stops. 

The cylinder of copper is then replaced by another of iron, 
of exactly the same dimensions, and the experiment is repeated 
with an iron cylinder in the place of that of copper. It is found 
that a much longer interval of time, perhaps five or six times as 
great, elapses before the needle moves ; and such a result might 
have been anticipated from an inspection of a table of conductivi- 
ties of the metal, from which it appears that the conducting power 
of copper is to that of iron as 74 to 12. The rate at which heat 
travels through the metal depends, however, upon its specific heat 
as well as its conducting power, and therefore an illustration of 
this kind only aflfords a general confirmation of a physical fact, 
and is not in itself sufficient, although it may leave no doubt as 
to the superior conducting power of copper when compared with 
iron. 

The fire-boxof a locomotive boiler is surrounded with a casing 
of wrought iron, united to it by a number of copper bolts 01 stays, 
and leaving an interval for a water space, which serves the double 
purpose of keeping a quantity of water in immediate contact 
with the copper sides of the box and of supplying a ready and 
efficient mode of sectuing those sides fix)m any injury due to the 
effect of steam pressure. 

To the fire-box, and arching over the top of it, is attached the 
cylindrical barrel of the boiler, containing a large number of tubes 
leading directly fi:om the furnace to the smoke-box b h. The 
number of such tubes has increased from 25 in the Rocket to 
182 in the present example, each tube being about 10 feet long, 2 
inches in diameter, and 2| inches from centre to centre. It may 
be esamated roughly that the heating surface of the fire-box and 
tubes amounts to 1,100 square feet 

The supply of steam is admitted to the engine by moving the 
handle h, which opens a r^wAr/^r valve, as it is termed, situated in 
the steam-dome d, and allows a supply of steam to pass down the 
pipe marked s and so into the cylinders. After the steam has done 
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its work it is discharged by the pipe b, which is placed directly 
under the centre of the chimney, and drives out the air before it 
so as to increase prodigiously the draught through the tubes. 

145. In order to heighten the effect thus produced by the 
action of the waste steam, upon which the success of the loco- 
motive boiler mainly depends, the blast pipe is contracted some- 
what at the orifice, so as to spread the jet of issuing steam and 
make it act as if it were a soHd piston driving the air before it 
through the chimney. On comparing the action of this steam- 
pump with that of the lofty chimney of a stationary boiler the result 
is certainly remarkable. Applying a siphon water gauge to test 
the performance of a chimney on a prodigious scale, as in the gas- 
works at Edinburgh, where the stack is 340 feet high, 20 feet inside 
diameter at the bottom, and 11^ feet inside diameter at the top, 
and where the gases from 68 furnaces heating retorts are being 
collected and passed into the atmosphere, it is recorded that the 
vacuum on a calm day was about 2^ inches, whereas in windy 
weather it rose to 3^ inches, and amounted under high winds to 
as much as 6 or 7 inches. The increase here noticed was clearly 
due to the influence of a cross-draught at the top of the chimney. 

Taking the greatest pressure of the wind in England at 32^ lbs. 
per square foot, and that of atmosphere as 21 16-4 lbs. per square 
foot, or 65 times as great, we infer that the pressure of the 
strongest gale would raise water in the leg of a siphon gauge 
through II feet, or 6 inches, and these numbers will give some 
insight into the pressure of the wind as compared with the arti- 
ficial draught of a chimney. At any rate they assist us in esti- 
mating what takes place under the blast of the locomotive, when 
we are told, as by Mr. D. K. Clark, that in a locomotive engine 
where the boiler had 148 tubes, with a blast orifice 3 J inches in 
diameter, the vacuum in the smoke-box at a speed of 16 miles pei 
hour was i J inches, as shown by a siphon gauge, whereas at 20 
miles per hour it improved to 2| inches, and at 30 miles per hour 
to 4i inches ; the recorded vacuum in another engine running at 
40 miles per hour being (>\ inches, or about equal to that, under 
exceptional circumstances, with a 'chimney 340 feet high. Mr. 
Clark analyses, in a very useful dissertation, the various condi- 
tions wliich modify or vary the exhausting power of tlie blast, from 
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nrhich it appears that every part of the locomotive boiler has been 
subjected to careful experiment^ in order that the best result may 
be obtained. 

Some idea of the dimensions of the various parts should be 
given ; and, taking the case of a passenger engine by R. Stephenson 
and Co. for the South- Eastern Railway, as described by Mr. Clark 
in i860, we find that tlie fire-box is 4 feet long, 3^ feet wide, and 
5^ feet deep, surrounded by a water space 2^ inches across. In an 
ordinary furnace of a stationary boiler the layer of fuel is some 4 
mches deep, whereas here it might be as much as i^ feet deep, or 
even more, and the different conditions for biuming the fuel are 
apparent at once fi:om this statement 

For a modem example we refer to an express engine on the 
London and North- Western Railway, where the cylinders are 
inside, between the frames — ^in the smoke-box, in fact — ^and have 
a diameter of 17 inches, with a stroke of 24 inches. The area of 
the fire-grate is 15 square feet, the heating surface of the fire-box 
being 89 square feet, and that of the tubes 1,013 square feet Tlie 
boiler is fed by two injectors placed vertically behind the fire-box. 
The distribution of weight on the wheels is stated to be 9 tons 
9 cwt. on the leading axle, 1 1 tons on the driving axle, and 8 tons 
15 cwt on the trailing axle. The total wheel base is 15 feet 8 in. 
The engine can draw a load of 293 tons on a level at a speed of 
45 miles per hour with a working pressure of 120 lbs. per square 
inch. There are four driving wheels, each 6 ft. 7 J in. in diameter, 
coupled together by outside rods, the leading wheels being 3 ft 
7^ inches in diameter. The consumption of coal per mile is 26*3 
lbs. with trains averaging ten carriages. 

Also for burning coal instead of coke there is a brick arch over 
the fire-box extending from the front backwards through half its 
length. Under this arch are two circular 7-inch holes covered 
by doors which are worked firom the foot plate and regulate the 
supply of air. 

146. There is not space to discuss fiilly the question of the 
strength of the various parts of the locomotive boiler. It is obvious 
tliat the rules as to the strength of the cylindrical barrel calculated 
for the Lancashire boiler apply equally here, and in regard to the 
fire-box we have only to point out that where one flat side is in 
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juxtaposition with an outside flat casmg, and connected with it by 
stays, there is abundance of strength, as due to the stays — two 
flat surfaces held together by a number of intermediate stays, and 
subjected to equal pressures in opposite directions, being a con- 
struction which presents no difliculties. But the same cannot be 
said of the flat crown or roof of the fire-box, above which, at a little 
distance, is the arched top of the cylindrical barrel A method 
adopted on the Great Northern express engines is to connect the 
roof of the fire-box to the external shell by wrought iron radiating 
stajTS, each } inch in diameter, screwed into the copper plates and 
into die iron casing. Another method is that indicated in fig. 112, 
where a series of ribs or girder beams are fitted to the bends of 
the fi'ont and back plates of the firebox, and to them the flat roof 
is bolted. The ribs are further linked to the crown, so as to take 
part of the downward strain on the lateral fixings of the fire-box. 



THB MARINE BOILER. 

147. We pass on to the marine boiler of the old-fiishioned 
type, which originally was provided with flues, but now has tubes, 
and which possesses an advantage at one 
time seriously referred to, viz., that it can 
be adapted to the shape of the boat (see 
page 94). The general construction will 
be apparent from the sketch without any 
particular description. The furnace is 
enclosed entirely within the shell, and 
the hot gases pass through a series of 
horizontal tubes, which are larger in 
diameter than those in a locomotive 
boiler (say from 3 to 4 inches in diame- 
ter). After passing through the tubes the 
gases enter a smoke-box correspondmg to 
that previously described and rise by the 
uptake into the fimnel 

As the sketch shows only a section of 
a boiler which is really in the form of a 
box, a very little alteration would make it serve to represent a 
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marine boiler for generating steam under a high-pressure. Such a 
boiler may consist of a cylinder some 10 feet long and 12 feet in 
diameter, the section of which is very similar to that shown, the 
ends being flat, and a series of tubes running horizontally through 
the water space above the fire. It is unfortunate that the limits of 
this book do not permit of a more extended reference to this 
branch of engineering construction. 

PROPORTION OF FIRE-GRATE TO HEATING SURFACE. 

148. Before concludmg the chapter somethmg should be said 
as to the relation between the area of the fire-grate and the amount 
of heating surface in the boiler itself. This is a practical question 
which has been settled to some extent by experience, and the 
result can only be stated on authority. 

In the Lancashire boiler, 27 feet long, with two internal flues, 
the fire-grate has an area of about 33 sq. feet, and the heating 
surface in the shell, fiimace tubes, and water pipes amounts in all 
to about 850 sq. feet ; whence the proportion of fire-grate to heat- 
ing surface is about 

I to 26. 

Sir W. Fairbaim states (* Mills and Millwork,' p. 267) that he has 
usually adopted the proportion of i to 17 ; that the allowance in 
Cornish boilers is about i to 25, whereas it has been a practice in 
stationary boilers to adopt the ratio of i to 10 or 15. 

In the North- Western express engine above referred to the fire- 
grate area is 15 sq. feet, and the heating surface is 1,102 sq. feet, 
making the ratio of fire-grate to heating surface as i to 73, while in 
a goods engine for an Indian railway the heating surface is i,327'3 
sq. feet, and the area of the fire-grate is 25*5 sq. feet, making the 
ratio I to 52. In a marine boiler generating steam at 80 lbs. pres- 
sure the heating surface may be 3,100 sq. feet, and the area of 
the fire-grate 117 sq. feet, making the above proportion about 
I to 26. 



5r{« 



CHAPTER VII. 



COMPOUND CYLINDER ENGINES. 



1 49. It has been stated that an engine with two steam qrlinders, 
one exhausting into the other, was invented by Homblower, in the 
form of a single-acting engine, and that it was converted by Woolf 
into a double-acting engine. 

In 1804 Woolf took out a patent (No. 2,772) for 'certain 
improvements in the construction of steam-engines,' in which he 
proposed to employ two steam cylinders of different dimensions, 
each furnished with a piston, the smaller cylinder having a com- 
munication at the top and bottom with the boiler, but communi- 
cating also with the two ends of the larger cylinder in suchwise 

that the steam should cause both 
pistons to rise and fall together. 
The specification describes 
the admission of steam at a pres- 
sure of 40 lbs. on the square inch 
into the smaller cylinder, so as 
to drive the piston down at the 
time that steam from below 
the same piston is expanding 
into the larger cylinder, and 
pressing its piston also in the 
same direction. 

The working of such an 
engine will be understood from 
the sketch (taken from a lecture 
diagram), where the valves are 
small pistons moving in cylindrical passages. Steam is entering 
at s, and passes at once to the upper end of the cylinder a, while 
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ihe steam below the piston in a is escaping by an open passage 
to the upper part of the large cylinder b. At the same time the 
steam below the piston in b is escaping into the pipe h, which 
leads to the condenser. Thus both pistons descend together. 

On depressing each valve rod the passages are reversed 
Steam from s enters the lower part of a, while steam from the 
upper portion of a passes down into the lower part of b. Also 
the upper end of b is freely in communication with e, which is 
also a passage leading to the condenser. 

Hence the two pistons are similarly actuated by the joint 
pressure of the steam in each cylinder. Woolf was here adopting 
Homblower's engine to a new purpose, and his specification is 
principally remarkable for a palpable error made in the statement 
of advantages to be derived from the use of high-pressure steam. 
Woolf says : — * I have ascertained by actual experiments, and have 
applied the same to practice, that steam acting with a pressure of 
4 lbs. the sq. inch against the safety valve exposed to the atmo- 
sphere is capable of expanding itself to four times the volume it 
then occupies, and still be equal to the pressure of the atmosphere.' 
And the like for steam of 20 lbs., 30 lbs., 40 lbs. the sq. mch on 
the safety valve when expanding to twenty, thirty, forty times its 
original volume, the resulting pressure would *be that of the 
atmosphere.* Thus steam of 20+15 ^bs. actual pressure would 
expand twenty times in reducing its pressure to 15 lbs. 

Although Woolf wandered thus hopelessly in his theories he 
was a thoroughly practical mechanic, and performed most admi- 
rable work in the construction of high-pressure engines, and in 
advocating tubular boilers for the generation of high-pressure 
steam. 



ENGINES OF SIMS AND M<=NAUGHT. 

150. In 1841 a patent (No. 8,942) was taken out by J. Sims 
for a compound cylinder engine, the improvement consisting * in 
constructing a steam cylinder divided mto two parts of diflferent 
areas, and with two pistons attached to one rod, whereof one fitted 
the upper and the other the lower part of the said cylinder.' 

A constant vacuum was maintained in the space b b between 
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the two pistons by the open pipe t leading into the condenser, 

and a pipe h, provided with an 
equilibrium valve e, formed a com- 
munication between a and c. The 
specification described the area of 
p as being one-fourth that of r, 
and steam from the boiler was 
admitted into a, through the 
valve s, during a portion (say one- 
third) of the down stroke, and the 
space c was opened to the exhaust, 
whereby p descended, as in any 
ordinary engine. On the return 
stroke e was opened, when the 
pressures in the spaces a and c 
became equal ; and since the area 
F*®- ^'5- of p was much less than that of r, 

che pressure in c would preponderate and p would be carried up- 
wards. The arrangement of the valves bore a close resemblance 
to that in a single-acting engine, and the peculiarity consisted in 
the preservation of a constant vacuum between the pistons. As 
far as expansion was concerned, a portion of the down stroke and 
the whole of the up stroke was performed after the cut-oflf had 
taken place. 

151. In 1845 W. McNaught patented (No. 11,001) anew form 
of engine, wherein a high-pressure cylinder was incorporated in an 
ordinary condensing engme of the overhead beam constniction. 
This process, whereby many old and wasteful condensing engines 
were converted into useful compound cylinder engines, was called 
McNaughiing an engine. The patentee described the improve- 
ment to consist in the application of a non-condensing cylinder to 
the kind or description of condensing or low-pressure beam engines 
commonly used, and attaching the high- pressure cylinder to the 
working beam at the end opposite to that with which the low 
pressure cylinder is connected, whereby the steam, after being 
used in the usual way in the non-condensing cylinder, passed into 
the nozzle of the condensing cylinder, and was there used for 
impelling its piston, after which it escaped into the condenser 
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The specification contains a drawing of the compound engine, and 
describes a method of deriving the valve motion of each cylmdei 
from one and the same eccentric. 

DOUBLE CYLINDER PUMPING ENGINES. 

152. An example of double cylinder engines which has been 
regarded with much interest is to be found in the pumping engines 
erected by Messrs. Simpson at the Lambeth waterworks, where 
four engines of 150 H.P. each are fixed side by side, arranged 
in two pairs, each pair working into one shafl, with cranks at right 
angles, and a flywheel between them. The stroke of the crank is 
equal to that of the large cylinder, but the small cylinder, which 
receives steam direct from the boiler, has a shorter stroke, and its 
effective capacity is nearly one-fourth that of the large cylinder. 
The pumps are of the combined plunger and bucket construc- 
tion, that is to say, they are double-acting and have only two 
valves. They are connected with the beam near its end. One 
peculiarity of these engines consists in the use of a crank and 
fly-wheel for controlling the motion of the piston. The work 
to be done was that of forcing water along a cast-iron main, 
9 miles long and 30 inches in diameter. As stated by Mr. Pole, 
in his account of the matter, *the great mass of water in motion 
along the main, combined with the fragile nature of cast-iron, 
rendered it essential that the motion should go on in the most 
equable manner, and that concussions or irregularities of pressure 
should be as much as possible avoided.' The inequality in the 
action of a single cylinder pumping engine was therefore dreaded, 
and Mr. Pole, in conjunction with Mr. D. Thomson, was led to 
design engines connected with a fly-wheel and at the same time 
admitting a high degree of expansion in the use of steam. The 
fly-wheel ensured regularity of motion, and the pair of cylinders 
gave an opportunity of increasing the ordinary rate of expansion. 

The engines were on a large scale, the low-pressure cylinder 
being 46 inches in diameter, with 8 feet stroke, and the high- 
pressure cylinder being 28 inches in diameter, with a stroke of 
5 feet 6| inches. The length of the beam was 26^ feet. Also the 
stroke of the pump was 7 feet, the diameter of the pump barrel 
being about 2^ inches. 
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153. The valves were arranged so as to prevent as far as 
possible any loss of pressure in the passage of steam from the 
high to the low pressure cylinder. The general character of the 
valve 'for distributing steam is apparent from the diagram, which 
does not indicate in any way the details of construction. It will 
have been noticed that in the sketch of Woolf 's engine two double 
piston valves are caused to work in distinct passages. Here, 
however, a single valve fulfils the same office as the pair of valves 
in the former case, and the idea appears to have been to place 
two of Murdock's valves back to back and mould them into a 
single hollow but closed pipe, with ports at its two ends. 

154. The drawing shows the high and low pressure cylinders, 
marked respectively a and b, and placed side by side with the 




Fig. 116. 



valve £ E, working in a pipe h k lying between the steam cyhnders. 
The circles at h and k represent passages leading to the condenser, 
steam being admitted into the middle of the slide case by a pipe 
marked on the sketch. In the right-hand figure steam is supposed 
Ip be enterini^ above the piston in a and driving it downwards, 
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wliile steam from below the same piston is passing up the pipe 
E E and entering the space above the piston in the low-pressure 
cylinder b. At the same time steam below the piston in b is 
escaping through an open port into the passage k leading to the 
condenser. Thus the pistons descend together, and may therefore 
be attached on the same side of the fulcrum of a working beam. 

In the left-hand figure the pistons are both represented as 
ascending after the completion of the downward stroke. Steam is 
entering below the piston of the high-pressure cylinder, and a 
clear passage is open from the top of the same cylinder down the 
pipe E E and into the space below the piston in the low-pressure 
cylinder. At the same time the top of the larger cylinder is freely 
open to the exhaust pipe h. Thus both pistons ascend together, 
the steam from a exhausting into b, while b itself has one end 
open to the condenser. The action is extremely simple, and will 
be readily understood. 

The valves, which are worked by cams, are cylindrical, and 
are packed by cast-iron rings, as in the case of an ordinary piston, 
springs being placed inside the rings, in order to assist their elas- 
ticity in pressing outwards and ensuring that the surfaces of contact 
shall be steam-tight The cylinder ports are rectangular, with 
inclined bars across the faces, to prevent the packing rings of the 
valves from catching against the edges of the ports- 
It is stated that the passage e e is 6 inches in diameter or one- 
sixtieth of the area of a section of the low-pressure cylinder, the 
speed of the piston thereof being 230 feet per minute. It appears 
that the valve has completely answered the expectation formed of 
it in permitting only a very moderate fall of steam pressure during 
the passage from a to b. 

155. The drawing on the next page shows the arrangement of 
a compound cylinder beam engine of moderate size. The sketch 
has been simplified by substituting dark lines for many of the work- 
ing parts. In partiailar the student will find the parallel motion 
set out in that manner, and he should refer back to p. 122 for 
fuller explanation. There are two black spots on the circular space 
representing the end of the crank shaft, the object being to indi- 
cate the centres of the eccentric sheaves which work the valves. 
Also dotted lines pass from these points to other dark spots just 
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Fig. 117. 

under the base of the high-pressure cylinder, and are intended to 
show the connection from the eccentrics to the bell cranks work- 
ing the valves. The governor is clearly indicated, and the reason 
for its particular form will be discussed hereafter. At present we 
may point also to the section of the condenser and air pump, the 
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bucket being fitted with indiarubber valves, as subsequendy de- 
scribed. 

The dimensions of the engine are the following : — 
Diameter of high-pressure cylinder . . 12^ inches. 

Length of stroke .... 2 feet 
Diameter of low-pressure cylinder . 20 inches. 

Length of stroke . . . .3 feet 
156. The general character of the indicator diagram taken 
from Mr. Pole's double cylinder engine will be understood from 
its analogy to the diagram from a single-acting engine. 

1. As to the high-pressure cylinder, that appears to monopolise 
the greater part of the area of work done, but it must be borne in 
mind that the diameter of the 
piston in A is much less than 
that in b, and also that, in the 
case of a beam engine, the 
length of stroke is less. Hence 
the upper diagram requires to 
be viewed on a diminished 
scale before it can be fairly 
compared with the lower one. 

2. As to the low-pressure 
cylinder, that gives the diagram of an ordinary condensing engine, 
and no remark is necessary with regard to it, except that the space 
of separation between the two figures is seldom so small as in the 
present example. There is commonly a much more considerable 
loss of pressure in passing the steam from the high to the low 
pressure cylinder than that shown by the divergence of the ex- 
haust and steam lines in the middle portion of the diagram. 

According to the present illustration steam is admitted into 
the small cylinder at 35 lbs. pressure, and is cut off at four-tenths 
of the stroke, the total expansion being carried on in the large 
cylinder until it reaches eight times. Here, then, is an example 
of a compound cylinder condensing engine working at a steam 
pressure of 35 lbs. above the atmosphere and expanding eight 
times, but yet preserving the smoothness and uniformity of motion 
apjiertaining to an ordinary condensing engine expanding at a lew 
rate, as in the early days of steam power. 
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In one trial of these engines the recorded duty for 112 lbs. of 
coal was 97,064,894 ft. -lbs., which is equivalent to 2-3 lbs, of coal 
per actual H.P. per hour, neglecting friction and other losses. 



CALCULATION OF WORK DONE IN A COMPOUND CYLINDER 
ENGINE. 

157. In the working of a compound cylinder engine, where the 
small cylinder exhausts into the large one, the work done in a 
stroke depends on the size of the large cylinder, and is the same 
as that which would be performed in a single cylinder of the same 
content, by expanding to the same extent from a like initial 
pressure. 

This proposition is easily proved, and anyone may satisfy him- 
self that it is approximately true by examining a well-formed indi- 
cator diagram as taken from a compound cylinder engine. 

Referring to fig. 119, which is from an engine having a high- 
pressure cylinder 18 inches in diameter, with a 6 -feet stroke, and a 
low-pressure cylinder 36 inches in diameter, with a stroke also ol 
6 feet, the number of revolutions being 34 per minute : 

Since the lengths of stroke are the same, and the areas of the 
pistons are as I to 4, it follows that the indicator diagram, marked 
A, as taken from the high-pressure cylinder, would be reduced to 
the same scale as that from the low-pressure cylinder, marked b, 
if we supposed the diameter of the latter cylinder to be 36 
inches and the stroke f feet, or one-fourth of that which it 
really is. This result is set out in the sketch. The diagram 
marked a is reversed in position and repeated on the right-hand 
side by measuring off a scries of horizontal lines, such as c d, and 
making c d^ J c d in every case. In this way the upper shaded 
area represents the work done in the high-pressure cylinder as it 
would appear on the scale adopted in the low-pressure cylinder. 
The bottom shaded area is merely a repetition of the area b. 

When the two diagrams are put together it will be seen that 
the two portions of the expansion curves fit very fairly or run into 
one, and that the expansion commenced above d is carried on 
throughout the stroke. It will be noticed that there is a little 
defect of similarity between this diagram and fig. 118. Here the 
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steam line in b is horizontal at first, and then slopes downwards. 
That it is horizontal at all is owing to some peculiarity in passing 




the steam from one cylinder to the other, as there should be the 
slope of an expansion curve throughout 

But any deviation from theoretical proportions does not affect 
the general inference to be drawn from the two diagrams when 
viewed together, and we see that the expansion which has occurred 
in the high-pressure cylinder might very well have taken place 
in the low-pressure cylinder, as something which preceded the 
actual expansion therein. 

158. The mathematical proof is the following: — 

Since the bottom of the smaller cylinder 
opens into the top of the larger one, it will 
simplify matters to suppose the cylinders to be 
in one line, with their pistons at p and r such 
that c p = E R. 

Let CD = EH = /, CP = ER=:C. 

Also let A and b be the areas of the 
smaller and larger pistons, the pressure of the 
steam above a being/, that below it being/', 
and that below b being zero. 

Then / :/ = /a : if-x) a + b:c (by 
Boyle's law). 
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/. work done ss^fkpdx '^ff{B—ikjdx 

^ '^ /a + (b-a)* 

= KpX + A//l0g. {/a + (B-A)jr} + a 

Taking the integral between the limits ^ .= /, jp = o, we have 
work done = a/ / + a/ / {log. b /—log. a /} 

= A//|i+log.j} .... (i). 

If the steam had expanded in a single cylinder of sectional 
area b, and the cut-oiT had occurred when the piston had traversed 

a space y^ the expansion being finally in the ratio ?, we should 
have had j^ = ^ ; and, applying the formula of Art 1 1 2, it would 

B 

be found that 

work done = %py w + log. ~ [ • • (^X 

But Bfy = A/ /, and therefore the expressions (i) and (2} are 
identical, which proves the proposition. 

Cor. The form of equation (i) may be altered. Thus, let 

the steam expand e times, so that e = -, 

/. work done = ?^ j i -f log. e j . 
So, also, equation (2) becomes, (since )^ = - L 
work done = ?^ 1 ' + ^^S* ^ \ • 

POINT OF CUT-OFF IN SMALL CYLINDER. 

159. Mr. Pole proved, in 1851, that in the case of expansion 
with compound cylinders there is one partieular point of the stroke 
where the steam may be most advantageously cut off, so far as the 
initial pressure on the pistons is concerned, and that such pressure 
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may be reduced to a minimum value dependent on the degree of 
expansion. The investigation is the following : — 

Let / represent the length of each cylinder, 

r the length of stroke in the small cylinder before the cut-offl 

A, B the areas of the pistons of the small and large cylinders 
respectively, b being constant, while a and r vary. 

/ the pressure of the steam on admission into the smaller 

cylinder, whence ^ is its pressure on admission into the large 

cylinder. Then 

initial pressure =/a + (b— a)^. 

B / 

But the whole expansion =— ^^ . = b suppose. 
Let ^= 5, then we have/ a = ^ 
/. initial pressure = ^ +b /;«— ^ = a minimum. 

or / = r\/E 

Which determines the point of cut-off when the initial pressure of 
the steam on the two pistons is the least possible. 

Also, initial pressure = ^— +^pz --^—t 
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ENGINES WITH CRANKS AT RIGHT ANGLES. 

160. For many purposes it is enough to have an engine with a 
single steam cylinder, or the equivalent Woolf s engine, with a pair 
of cylinders acting as one only ; but, on the other hand, there are 
numerous instances where two engmes should be placed side by 
side and work cranks at right angles to each other. This is 
particularly the case in applying steam-power to flour mills or to 
cotton mills, where it is of consequence to preserve the rotative 
pressure on the crank as nearly uniform as possible, and to 
maintain a smooth and even motion. Or, again, in marine engines, 
for convenience of starting in any position, the same rule would 
hold ; and before proceeding further it may be useful to point out 
the reason for the greater uniformity of rotative pressure which is 
a consequence of working with a pair of cranks at right angles. 

It has been shown in Art. no that the variations of tangential 
presstu:e on the crank of a direct-acting engine are represented by 
the vertical lines on a diagram similar to that shown by the dotted 
curve 3 /in the annexed sketch. Putting a series of such curves 
end to end, we obtain a graphical indication of the fluctuations of 
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tangential pressure during the working of an engine with one 
cylinder. The force is zero at a dead point, and rises to /^, its 
greatest value, after which it sinks again to xero. But if there 
be a pair of cranks at right angles, a second series of diagrams of 
rotative pressures must be superposed upon the first series, as 
shown by the second set of dotted curves, whereof one portion w 
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marked be^ and the final result is exhibited by the upper line, not 
dotted, which is obtained by adding together the pairs of ordinates 
%X each point; for example : — 

nm '\- mr^ ms^ 
ad-^ad = ac^ 

The greater uniformity of rotative force is apparent, and it would 
be improved by cutting off at half-stroke in each cylinder, for then 
the curve b e would be hollowed out and reduced, while the part 
^/ would be unaffected, and the upper resultant wavy line would 
become more nearly horizontal. By proceeding in this manner 
it is easy to set out a diagram of the rotative pressure upon the 
cranks of any pair of engines working under given conditions. 

161. In applying Homblower*s principle to direct-acting engines, 
where two cranks at right angles are to be connected with the 
cylinders, there are different methods for adoption, each of which 
has its advocates. One plan very commonly met with has been 
to place the high and low pressure cylinders in pairs, with their 
axes in the same straight line, so that one piston rod serves for 
both. Thus, in marine engines, with the cylinders vertical, there 
maybe — 

1. The high-pressiure cylinder above the low-pressiu'e cylinder. 

2. The low-pressure cylinder at the top. 

3. The low-pressuie cylinder encasing the high-pressure 
cylinder. 

But in each of these cases, as also in compound cylinder 
horizontal engines, it is usual to confine the expansion to one pair 
of cylinders, although there is an example, to which reference will 
shortly be made, in which the steam is carried in succession 
through four cylinders. 

THE USE OF AN INTERMEDIATE RECEIVER. 

162. In another class of compound cylinder engines there are 
two cranks at right angles, but only one cylinder connected with 
each crank. Here each cylinder forms, as it were, an engine 
complete in itself; the cylinders (called a and b, as before) are 
placed side by side, and are of equal length, and the point to be 
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noticed is, that the pistons in a and b no longer move together, 
but that one leads the other by half a stroke. It is clear that 

[rnblower's mode of exhausting at once from a into b is no 
longer applicable, and that some special method of distributing 
the steam, different from anything that we have yet seen, must be 
arranged The difficulty arises from the fact that the * directions 
of motion of the pistons cross each other, whereby, for example, 
when the piston in a is at the end of its stroke and about to 
ascend, that in b is in its middle position and is descending. In 
order to get over this obstacle Mr. Cowper has proposed to place an 
intermediate receiver between the cylinders a and b, which shall 
act as an exhaust reservoir for the steam coming from a, and as a 
boiler for the steam going mto & It appears that engines with a 
receiver have worked well in practice, but it seems difficult to 
justify the use of this arrangement by a strict reference to the 
principles of the theory of heat. 

A general idea of the arrangement of the engine proposed by 
Mr. Cowper may be gathered from the sketch, where the cylinders 





Fig. 122. 

A and B are placed side by side, and the high-pressure cylinder a 
is enveloped in a steam receiver or reservoir, marked c, the 
content of which is perhaps three times that of a. In a working 
engine on this plan steam (say at 70 lbs. pressure) would enter a 
and be cut off at half-stroke ; it would then expand and finally 
exhaust itself into tlie receiver, where the pressure would vary 
from, say, 10 lbs. to 14 lbs. The receiver would supply steam 
for the low-pressure cylinder b, just as if it were the boiler of an 
ordinary engine, and the pressure of the steam in c would fall 
to 10 lbs. when the demand upon it was made, but would rise 
to 14 lbs. when fresh steam entered it from a. 

The temperature of the steam in the jacket surrounding a is, 
therefore, much below that of the entering steam, which is so far a 
departure from Watt's practice. 
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milner's compound cylinder engine. 

165. A mode of working a compound cylinder engine with 
two cranks at right angles, and without an intermediate receiver, 
was patented by J. Milner in 1853, No. 2,281. It does not ap- 
pear that the engine has ever come into use, but it is referred 
to as an exercise for the student. 

The specification describes the engine as having two working 
cylinders, with pistons connected to two cranks placed at right 
angles to each other on the same shaft, one of the cylinders being 
of greater capacity than the other. The valves are worked by 
cams or eccentrics, and it is ' arranged that steam may be admitted 
from a boiler into the top of the smaller cylinder until the piston 
has made half its stroke, and then be shut off. A communication 
is next made between the top of the first cylinder and the tgp of 
the second one, \vhose piston is then at the top of its stroke.' 
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The part of the sketch marked (i) shows the piston of the 
smaller cylinder a descending, the steam being just shut off, while 
the piston in the larger cylinder b is at the top of its stroke, and is 
on the point of descending, as marked by the arrow. 

As to the opening of the cylinders a and b to the condenser, 
it is to be observed that the lower part of a is open to the exhaust 
during one half of the down stroke, and the same is true of the 
upper part of a during one-half of the up stroke ; whereas the two 
ends of b are alternately open to the exhaust through nearly a 
whole stroke, just as in an ordinary engine. 

The distribution of steam is different from that in the com- 
pound engines hitherto examined. The steam which passes from 
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A to B is not conducted from the top of a to the bottom of b, and 
so on, but the direct contraiy, whereby the method which appears 
most natural, and which was originated by Homblower, is aban- 
doned Steam passes from the top of a to the top of b and 
expands against both pistons at the same instant 

Diagram (2) shows this expansion going on. There are two 
ordinary D valves working against steam-ports connected with a, 
one at the top and the other at the bottom thereof, and the exhaust 
passages communicate from the top of a to the top of b, and 
from the bottom of a to the bottom of b. 

Diagram (3) shows the state of things when the piston in b has 
come to the end of its stroke and is beginning to return, the upper 
ends of a and b having been just o])cned to the exhaust And it 
is apparent that during the interval existing betuveen (2) and (3) 
the space occupied by steam is getting less in a and is becoming 

larger in b, whereby the actual expansion is from ~ to b + -^, 

2 2 

that is, from a to a -f- 2 b. 

There is no difficulty in seeing that the action which is now 
beginning in (3) would pass through a like phase to that indicated 
in (2), and that expansion will go on between the lower ends of a 
and B until the piston in b has reached the top of its stroke, when 
openings to the exhaust will be made in both cylinders, as shown 
by diagram (i). After this the operation repeats itself 

The indicator diagram, which might be taken from the high- 
pressure cylinder of a Milnefs engine, is the only one which pre- 
sents any peculiarity, and would be some- 
what of the character sketched. The actual 
expansion between a and b begins at half- 
stroke in A, but there may be a preliminary 
cut-off of the steam in a, as shown at a, and 
in such a case the expansion would be carried 
a little farther than has hitherto been sup- 
posed The steam in a begins to expand 
iG. 124. .^^^ ^^ cylinder b at the point 3, and this 

goes on until half the return stroke is completed, when there is a 
sudden opening to the exhaust This causes the pressure to drop, 
and there is the lowering, marked at //, which indicates the gain 
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due to this mode of working. The diagram in the other cylmder— 
viz., B— is the same as in the case of any ordinary double cylindei 
engine. 

QUADRUPLE ACTION ENGINE. 

164. We have now to mention a successful engine by Mr. 
Adamson, where the expansion is carried on through four cylinders, 
A, B, c, D, whereof a and b are in one line, and have a common 
piston rod, as are also c and d, the two cranks on the driving shaft 
being at right angles, and the geneial arrangement of the engine 
being that shown in the sketch. 




Fig. 125. 

Such an engine affords an example of the combination d 
Homblower's method of working with that of Mr. Cowper. Steam 
from the boiler enters a and exhausts into b, the pistons in a and n 
moving together. So far we have the ordinary double cylinder 
engine working the crank at r by means of the connecting rod 
p R. But in passing over from b to c it is necessary to connect 
two cylinders where the movements of the pistons cross, the crank 
at T being at right angles to that at r. Hence this is a case where 
an intermediate receiver applies, and accordingly such a reservoir 
is placed at e and acts as a boiler for the pair of cylinders c and 
D. These two latter cylinders are a mere repetition of the first 
pair, with a common piston rod, and equal length of stroke. In 
order to keep up the pressure of the steam the receiver b is sur- 
rounded by a jacket filled with steam direct from the boiler. 
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The work done is that of driving the madiinery of a cotton 
mill having 48,000 spindles, with all the requisite preparation, and 
the steam is produced from two steam boilers of the double-ilued 
Lancashire type, each 30 feet long by 7 feet in diameter, with 
furnace flues 2 feet 10 inches in diameter, which are crossed by 
five conical water tubes welded into the flue rings. The blow-off 
pressure of the safety valves is fixed at no lbs. per square inch. 
The shell and fire-box of the boilers are made of steel plate, and 
the flues are put together with Adamson's flanged seam formed on 
flue rings in 3 feet lengths. It is estimated that — 

Total heating surface in the two boilers is . 1,712 sq. ft. 
Heating surface per square foot of firegrate . 25*9 „ 
„ „ per indicated H.P. . . 3T7 „ 

The receiver is formed like a portion of the furnace flue of a 
boiler, being a cylinder with flanged joints and crossed by conical 
pipes, which increase the superheating surface. It is surrounded 
by a cylindrical casing having flat ends, and with flanged joints, 
the object being to obtain a strong superheating vessel which shall 
keep up the temperature of the steam after exhausting from b. 
The temperature of the boiler steam is given at about 344** F. 

In an account of the performance of the engine it is stated 
that steam at 92 lbs. pressure enters a, where it exerts a mean 
effective pressure of 34*9 lbs. It then exhausts into b, entering 
that cylinder at a pressure of 57 lbs., and exerting a mean pressure 
of 26*1 lbs. From b it passes into the receiver £. 

Steam for the supply of the cylinder c is drawn fix)m the 
receiver, and enters at a pressure of 19 lbs., its mean pressure being 
14*85 lbs. It finally exhausts into d, entering at an initial pressure 
of I '5 lbs., and exerting a mean effective pressure of 9 lbs. From 
D it passes into the condenser. 

The engine has a stroke of 5 feet, and makes 43 revolutions 
per minute. The diameters of a, b, c, and d are 17, 22^, 30J, 
and 42 inches respectively, whereby the piston constants for a, b, 
c, and D may be obtained by multiplying 430 into the area of 
each respective piston in inches, and dividing by 33,000. This 
gives the following numbers for the pLston constants, namely : 

2-957, 518, 9 36, and 18-05 for a, b, c, and d respectively. 
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.*, Indicated H.P.= 2*957 x 34*9 + 5-18 x 26*i + 9*36x I4•85 + 
I8•osx9. 

= 103-2 + 135-2 + 139-0+ 162-4 

= S39-8 
The consumption is stated by Mr. Adamson to have been, on one 
particular trial, as low as 1*77 lbs. per H.P. per hour. 



FOUR-CYLINDER COMPOUND MARINE ENGINES. 

165. We conclude this chapter by referring to some four- 
cylinder compound marine engines, designed by Messrs Mauds- 
lay, Sons, and Field, and fitted in the vessels of the White Star line 
of mail-steamers which make the voyage between Liverpool and 
New York. Similar engines have also been fitted in other ves- 
sels They work to about 5,000 H.P., and exhibit a remarkable 
economy in the consumption of fuel ; presenting, in fact, an ad- 
mirable practical illustration of the excellence of the system now 
adopted in powerful steamships. 

The writer is enabled to present two external views of the 
engines in question, as well as a section through the cylinders and 
valves, whidi latter will give the student a complete insight into 
the method of distributing the steam. 

Fig. 126 is a front elevation of the engines ; fig. 127 is a side 
elevation, showing also a section of the vessel; and fig. 128 is a 
section through the cylinders. But inasmuch as a section perpen> 
dicular to the screw-shaft does not take in the valves and steam 
passages, the drawing in fig. 128 is altered hypothetically, and the 
valves are supposed to be brought round into the plane of section. 
In this way one diagram suffices for exhibiting both the working 
of the valves and the connection of the pistons with the screw- 
shafY. 

To begin with the smaller, or high-pressure cylinder, which 
is 48 inches in diameter, with a stroke of 5 feet Steam firom 
the boiler, at a pressure of 70 to 75 lbs. per square inch, enters 
the outer slide case on its way to the cylinder. The periods of 
admission, cut-off, and exhaust are regulated by two valves, one of 
which works at the back of the other ; the first, or expansion valve^ 
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Fig. 176. Four-cylinder marine engines by Messrs. Maudslay, Soni, 
and Field. 
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Fio. 127 Side eleyation of the same engines. 
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Kio. 1 28. Section throi;gh cylinders. 
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being a gridiron or plate valve, and the second being an ordinary 
slide^ with the addition of two thoroughfare steam passages. In 
order to make the diagram more clear the letter s is marked 
on the spaces through which the steam passes on its way from 
the slide case to the cylinder, and the letter e is marked on the 
exhaust passages. A series of arrows will serve to trace out the 
pathway of the steam, by which we note it as entering the slide 
case, passing out through the exhaust, and descending to the 
low-pressure cylinder until it finally escapes into the condenser. 
The whole matter is at once apparent from the drawing. 

Passing on to the low-pressure cylinder, which is 83 inches in 
diameter, and has also a stroke of 5 feet, we find that the section 
here is the same as that of an ordinary double-acting condensing 
engine, and the only point to be noticed is the application of the 
double-ported construction of valve, whereby the effective open* 
ing for steam is doubled for a given amount of travel over the 
ports. 

The main slides of each pair of high and low pressure cylinders 
are on one rod, and are worked by one pair of eccentrics with a 
link motion. The cut-off slide at the back of the high-pressure 
slide is worked by an independent eccentria 

On the platform in the front elevation are three wheels, 
whereof the lower one is for reversing the engmes, and the upper, 
or star wheel, is for altering the grades of expansion, while a 
small wheel to be seen just over the head of the engineer is in 
connection with the steam regulator valve, which is here of the 
double-beat type. 

The air-pump is single-acting, and we refer to fig. 117 for an 
example of a single-acting air-pump with indiarubber valves. As 
to valves of this construction, we may state that in the early 
days of the marine engine the valves connected with the air- 
pump were of brass ; but, when screw propeller engines were in- 
troduced into the navy, and the number of revolutions made per 
minute by the shafting was greatly increased, it became necessary 
to provide valves which should be better adapted for rapid open- 
ing and closing. Accordingly, canvas valves were tried, but for 
only a short time, as it soon became apparent that indiarubber 
disc valves were much more convenient for use. 
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The drawing shows the feed valve-box of a marine engine 

fitted with indiarubber valves. 
It should be understood 
that there is a plunger pump 
on the side of the pipe marked 
A, and that the action of the 
pump is to suck water up 
through the opening at m. 
The lower valve e is therefore 
an ordinary suction valve, while 
the upper valve k is a delivery 
valve. Looking at the valve 
E, there is : i, a grating, shown 
in plan separately at the top of 
the drawing, and marked ej 
2, an indiarubber circular disc, 
shown tinted in the sketch ; 3, 
a guard a, being a conical 
shield, which prevents the disc 
from rising too high when 
forced up by the ascent of the 
water. In the Allen engines, 
which make 200 strokes per 
minute, the indiarubber valves 
are rendered more quick in their action by means of springs fitted 
at the back. There is also the delivery valve marked k, which is 
the exact counterpart of e. The opening for the suction is shown 
separately in plan, and is marked m. Also h is an air-vessel for 
sending forward a continuous stream of water, being a contrivance 
generally adopted in a force-pump. 

In the present engine the air-pumps are worked firom a beam 
connected to the piston cross-head (see fig. 127), the feed and 
bilge pumps being worked firom the air-pump cross-head, which 
is provided with guide blocks. 

The drawings also show, in firont and side elevation, a large 
cylindrical vessel which is the surface-condenser, anH of which a 
detailed account must be given, as it is an apparatus which is 
essential to economy in fuel with marine engines. 




Fig. 129. 
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According to the old system the boilers of marine engines were 
supplied with salt water, that is, water containing solid matter in 
solution, the result being, that as the water evaporated a deposit 
took place and formed a hard non-conducting coating upon the 
metal of the boiler. Two evils happened, viz., (i) the passage of 
heat into the water was retarded, and (2) the ilame concentrated 
its efifect more than it would otherwise have done on the material 
of the boiler. 

The remedy consisted in * blowing out,' as it was termed, or 
in allowing the steam to force out a quantity of water from the 
boiler at intervals, supplying its place by fresh water from the hot- 
well at a much lower temperature ; or otherwise a system of pumps 
was employed for removing the so-called brine continuously. In 
either case there was a direct loss of heat 

The older standard works on the steam engine are full of 
practical directions as to blowing out Thus, in Mr. Mam's 
treatise it is stated that ' blowing out should be strictiy attended 
to while under steam at sea, in order to keep the boiler free from 
salt and incrustation ; the common practice being to displace five 
or six inches of water every hour,' and so on. Directions are then 
given as to the method of ascertaining the degree of saturation, 
from which it appears that ordinary sea-water contains about ^ 
of its weight of salt and earthy matter, and may by evaporation 
become chaiged with as much as ^ parts of salt, after which it is 
said to be saturated and can hold no more salt in solution. 

There are two instruments for ascertaining the degree of salt- 
ness of the water in a boiler, viz., (i) a thermometer, which gives 
the temperature at which such water will boil in the open air, and 
(2) an hydrometer, which indicates the higher specific gravity of 
water when holding a larger amount of salt in solution. Thus, water 
boils at 213-2** F., when containing ^ of saline matter, but its 
boiling tcmperatiure is raised to 226^ F. with ^ parts of salt in 
solution. As to the reading of the hydrometer, a special instru- 
ment is provided, with graduations of J^, A> &c.. on its stem, the 
observation being made when the water under trial has been cooled 
down to 200** F. 

It is stated that the proportion of solid matter should never 
reach ^ of the water, as incrustation commences somewhere 

8 
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about that point. This state of things corresponds to a reading of 
216° F. on the thermometer. 

As to the loss of heat caused by blowing out it is easy to ex- 
press the same in a formula, and Mr. Main gives the necessary 
calculation, whereby, for example, the heat thrown away for a satu- 
ration of ^ b to the whole heat given to the water as 6 to 100. 

Where brine-pumps are employed they should be so ad- 
justed that the quantity of water which they draw oflF, together with 
the quantity evaporated, shall be equal to that supplied by the 
feed-pumps. As to this, it appears that, in order to keep the 
saturation at ^, the evaporation, the quantity blown out, and the 
feed are as the numbers i, ^, | respectively. 

SURFACE CONDENSERS. 

166. for laige ocean steamers the system above referred to 
has been given up, and in its place the method of surface con- 
densation has been adopted. The merit of introducing surface 
condensers is due to Mr. S. Hall, a well-known engineer, whose 
earliest patent on the subject was taken out in 183 1 (No. 6,204)^ 
Tredgold gives a detailed account of Hall's condenser as applied 
in the steamer < Wilberforce,' and states that this vessel was fitted 
in 1838 with engines of 285 H.P., and that sur&ce condensation 
was carried out by means of a series of copper tubes, as many as 
2,374 being placed vertically in each condensing dstem. Each 
tube was \ inch in diameter and 8 feet long. 

The waste steam was condensed in the tubes, and returned as 
water to the boiler, to be re-evaporated, and to do its work over 
again. At the present time it is a common practice to pass 
water through the tubes and to allow the waste steam to fill the 
intermediate space, whereby the sur&ce condenser only differs 
from an ordinary jet condenser in respect that the cold water does 
not come in actual contact with the steam, but is sent through the 
condensing vessel in a number of small streams, each of which is 
separated from the steam by a metal sheathing. 

The air-pump is, therefore, the same in character as that used 
with a jet condenser, only it has less work to do. But nothing is 
gained thereby, inasmuch as it is necessary to provide circulating 
pumps for passing a supply of cold water through the tubes. 



Surface Coftdensation. 259 

Notwithstanding Hall's effort to establish the new system we 
do not find that surface condensation was favoured by engineers. 
Thus, in 1 841, the condenser tubes of the ' Wilberforce ' became 
so much coated with mud from the Thames and Humber that they 
were taken out, and jet condensers were substituted. In 1859, 
however, the system was revived by the Peninsular and Oriental 
Company for the steamship < Mooltan,' and was successful. At 
that time also the theory of heat was better understood, and soon 
the use of surface condensers for steamers of the highest class 
became more and more general 

In the case of the 'Mooltan ' one condenser contained 1,178 
seamless drawn copper tubes, each | inch outside diameter, '05 
inch thick, and 70 inches in length ; the total condensing surface 
amounting to 4,200 sq. feet The indicated H.P. of the ' Mool- 
tan ' was 1,731, which is about one-third the power of the com; 
pound engines lately referred to. 

The tubes were packed with a piece of linen tape pressed 
down by a screwed gland, which formed a very good joint The 
condensing water flowed upwards in a stream around the tubes, 
which were vertical, and the current was produced by a centrifugal 
pump, with a disc of 36 inches in diameter, making about 200 
revolutions per minute. 

Mr. Bramwell, in his paper on * Marine Engines,' describes a 
condenser for a marine engine of the horizontal construction in 
which the tubes are of brass, J inch in diameter, with | inch spaces. 
They are divided into three tiers by horizontal partitions in the water 
compartments at the ends ; whereby the current of water from the 
circulating pump is first of all forced through the lower tier, then 
returns through the middle tier, and escapes through the top tier 
of tubes. The exhaust steam from the engine enters the con- 
denser at the top and quits it at the bottom, as shown in fig. 130, 
whereby it comes last into contact with the coolest row of tubes. 
A table is appended to the paper giving particulars of the surface 
condenser in a number of compound marine engines, and among 
the list is one where the high-pressure cylinder is 46 inches in 
diameter, and the low-pressure 80 inches, length of stroke 39 inches, 
number of tubes 1,292, length of tubes 10 feet 10 inches, external 
diameter | inch, space between the tubes '35 inch, total condensing 
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surface 2,758 sq. ft., vacuum 28 inches. The circulating pump is 
single-acting, the barrel being 20 inches in diameter, with a stroke 
of 16 inches. These numbers refer to some engines by John 
Elder & Co., which were started in 1868. 

The condenser of Messrs. Maudslays' engine is shown in the 
sketch. The tubes are of brass, and fill the large cylindrical 
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casing shown in longitudinal and transverse sections. They are 
indicated in the right-hand figure, and fill the whole empty space. 
The water from the circulating pump enters below, and encoun- 
ters a horizontal plate, which causes it to pass through half the 
number of tubes, as shown by the arrows, and then the water 
returns to the right hand through the upper series of tubes and 
escapes by the overflow. In the meantime the steam is entering 
the space which surrounds tlie tubes and becomes condensed, only 
to be carried away by the air-pump and again supplied to the 
boiler. The circulating centrifugal pump is clearly shown in fig. 
127 ; it is at the extreme right of the drawing. 



Indicator Diagratns. 



261 



The actual working of the engine will be understood from the 
Indicator diagrams shown in the annexed sketch. The scale 
gives the amount of pressure in the original diagrams, which are 
here reduced in the proportion of 30 to 56. The excellence of 
the vacuum — ^vi*., 28*5 mches — is especL'dly to be noticed when 
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Fig. 131. 

taken in conjunction with the speed of the piston ; for we are told 
that the number of revolutions is 55 to 60 per minute. The con- 
sumption of coal speaks for itself, the record of consumption for 
24 hours in an actual voyage being 96 tons, which is equivalent 
to 1*8 lbs. of coal per H.P. per hour. So much has already been 
said on this subject that it is unnecessary to add anything further, 
but we may at least point out that a powerful testimony to the 
truth of the theory of heat is afiforded by the increased economy 
of our resources as consequent upon a systematic endeavour to 
apply and put in practice the principles of that theory. It is 
further stated that the speed of the vessel has been maintained 
at 1 9 statute miles per hour for periods of twenty-four hours at a 
time. 
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CHAPTER Vni. 

BnSCELLAMEOUS DETAILS. 

167. It has been shown that the number of strokes made per 
minute by a single-acting engine is adjusted-by the action of the 
cataract, but in a rotatory engine, such as may be suitable for 
driving machinery, the regulation is of necessity different, and the 
problem resolves itself into a question of controlling the rate at 
which a driving shaft performs its work. Referring to the case of 
a clock train, where the multiplication of velocity between the 
driver and the last follower is considerable, it is well known that 
the best regulation has been obtained by the combination of a 
pendulum with an escapement Such an arrangement involves, 
however, a step-by-step movement, which is quite inapplicable for 
heavy mechanism. Nevertheless, Watt appears to have been im- 
pressed with the value of the pendulum as a regulator of motion, 
and he determined to apply this apparatus to a steam-engine, 
although under a new aspect, and in a shape in which it had not 
previously been employed. For the complete regulation of an 
engine upon Watt's system two things are necessary : first, a fly- 
wheel or heavy rotating body possessing inertia ; and, secondly, a 
conical pendulum. The fly-wheel constitutes the most important 
and primary step towards the obtaining of uniform rotatory motion. 
It is a heavy wheel of cast-iron, with a massive rim, which becomes, 
as it were, a storehouse into which energy may be poured un- 
tqually during the passage of the piston from end to end of the 
cylinder, but from which it may be drawn out uniformly during 
the operation of driving the machinery. The object of the fly- 
wheel is to equalise the action of the force transmitted from the 
piston to the crank pin, and to confine any inequality within 
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narrow limits of variation. But the fly-wheel alone is not sufficient 
for the purpose, since it is not only necessary to obtain a general 
uniformity of motion under the varying pressure of steam in the 
cylinder, but some method of adjusting the supply of steam itself 
is also required, whereby more power may be exerted when the 
resistance outside the engine increases, and less when the con- 
trary happens. (Refer to ' Principles of Mechanics,' Art. 40), 

THE REGULATION OF AN ENGINE. 

It is with this latter object in view that the pendulum 
governor was invented. That instrument consists of a pair of 
heavy balls suspended from arms centred at or near a vertical axis 
and caused to rotate by the engine. If the power of the steam be 
in excess the fly-wheel accelerates its motion, the balls fly out- 
wards and move the lever of a throttle valve, so as to diminish the 
supply of steam ; whereas, if the power of the steam be in defect 
the balls collapse and the throttle valve opens more widely. The 
apparatus is called a pendulum governor, because the time of a 
revolution is afiected by the length of the axis of the cone formed 
during the rotation, in a manner analogous to that in which the 
time of oscillation of an ordinary pendulum is aflected by the 
length of the pendulum rod. 

168. In order to comprehend the principle of the conical 
pendulum it is necessary to revert to the consideration of the law 
under which a body will move in a circle. This law was fully 
established by Newton, who proved that whenever a body de- 
scribes a circle with a uniform velocity it must be subject to the 
action of a constant force tending towards" the centre of the circle. 
The analytical expression of the law is the following : — 

Let w be the weight of the body, 
V its velocity at any instant, 
r the radius of the circle in which it moves. 



Then force towards centre = 



wz;^ 



,« 



169. This proposition being clearly laid down, it becomes evi- 
dent that we can imitate in a body at rest the conditions which 
obtain during circular motion by supplying a force equal and 
opposite to the force which sustains the circular motion. 
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Hence the time of a revolution varies directly as the square 
root of c B ; that is, as the square root of the height of the cone 
described by the string supporting w. 

Cor. I. If we refer to an ordinary pendulum of length c b or ^y 
swinging through a very small arc, the time Z' of a vibration in one 
direction is given by the equation 



='^/| 



-, hence /= 2/. 
CoR. 2. \in be the number of revolutions made per minute by 
the weight d, we have / = — i 



.■..^^^^. 



Cor. 3. Let L be the length, in inches, of a pendulum oscillating 
once in one second in London, then 

I = ^ \/j •'• ^= fa = 391393- 
By substitution we have « = 30 a/ t- = A/ 25i?S 

oryi = 3S^. 

Ex. If ^ =s 18 inches, n = 44^ and it is easy to form a table 
with corresponding values of A and n, 

CoR. 4. It is a well-known experimental fact that if the velocity 
of rotation be increased the cone will flatten out, the weight w 
rising more nearly to a level with c In order to deduce this 
result from the formula let w be the angular velocity of the line 
B D round the centre, b, whence v = utn 

/. w*r'^ =f r^ or u^A s=^. 
But ^ = /cos dob = /cos 6 suppose 

.". «• / cos 6 = F, and cos 6 = 7^. 

/«' 

If w be increased, cos is diminished, and is increased, 
whereby d moves up into a higher position. 
170. There is another observed result which will carry us on in 
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Fig. 133. 



the investigation, viz., that if a cylindrical vessel partly filled with 
water be whirled round a vertical axis coinciding with the axis of 
the vessel, and at a uniform velocity, the water will be hollowed 
out into the form of a cup, the particular surface exhibited being 
that known as a paraboloid of revolutioa 

In other words, if a be the vertex of the cup, c a being the 
axis of rotation, any section of the surface, such as d a, made by a 
plane through the axis, b a parabola. 

Note, — The curve called a parabola 
b frequenUy met with in studying me- 
chanics; it b, very approximately, the path 
described by aball when thrown obliquely 
into the air, and may be the curve formed 
by the section of a right cone as made by 
a plane parallel to a generating line, or 
slant side, as it is commonly called. 

By reason of the mobility of the 
particles of water it is a property of this 
substance, in common with other liquids, that the pressure at all 
points of a surface formed upon it when at rest b the same. If it - 
were not so the particles would move along the surface. But the 
water in the vessel is permanentiy rotating with a uniform velocity, 
and b, therefore, in an artificial state of equilibrium. Hence a 
particle at d will remain at rest just as much as a particle at d. 
Draw DC, dc perpendicular to the surface of the water at the 
points D and d respectively. Then d and d move with the same 
angular velocity round the axb ca. Let thb angular velocity be 
w, and we have 

w* X c B = j^, w* X r ^ = j; whence c b = r^. 

It is a property of a parabola that the subnormal is constant, 
and the term * subnormal ' b merely a technical name for the line 
c B, being the part of the axb intercepted between any two lines, 
such as D c, D B, whereof d c b perpendicular to the curve and d b b 
perpendicular to the axb a c As soon as we knew that the section 
of the fluid cup was a parabola it became possible to predict that 
property of the curve which b now referred to. 

171. The investigation of the property of a parabolic airve as 
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applied t3 a conical pendulum will have prepared the student foi 
understanding the so-called parabolic governor. It appears that 
in 185 1 a governor was brought over from Vienna where the 
pendulum balls rode on guides having the form of a parabola. 
This governor had, as we might anticipate, the fault of being too 
sensitive. The balls rose to the highest point or fell to the lowest 
on the smallest variations of speed, and it became necessaiy to 
diminish this extreme sensitiveness by attaching to the sliding 
collar of the governor an air cylinder or cataract, whereby in rising 
or falling the balls were made to suck in or force out air through a 
a small adjustable apertiire in the top of the cylinder. 

172. It may now be convenient to refer to some working 
models, deposited by Mr. Head in the Museum at South Kensing- 
ton, which are intended to illustrate (i) the common pendulum 
governor, (2) Watt's governor, and (3) an approximate parabolic 
governor ; and we should premise that in applying the conical 
pendulum to an engine the chief point to notice is that the 
number of revolutions made per minute depends upon the height 
of the cone, viz., cb, in fig. 134. 

I. The common method of con- 
structing the governor has been that 
shown in the sketch. The balls are 
suspended at the points £ and h, a 
little on either side of the central 
vertical spindle c b. Each arm, as 
H D, is connected by a link to a sliding 
block s T. As the rate of rotation 
increases the balls fly out, st rises, 
and in doing so actuates a lever 
which controls a steam valve and 
diminishes the supply of steam. 

The effect of placing e and h at a 
little distance from the axis c b is to 
cause the variation in the height of 
the cone to become greater for any 

given rise of the balls, and thereby to render the governor less 
sensidve. Thus the heights of the cone in the two positions shown 
wq c B and cb respectively, the variation being equal to cr + b ^. 




Fig. 134- 
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may be thought desirable ; and by a property of the curve we have 
D B : // ^ : : VTb : >jlib. 

This determines the point d, and other points in the curve 
may be assigned in like manner ; after wliich it is only necessary 
to select a centre h which shall give 
a circular arc passing approximately 
through the points so determined. 

A comparison of the three modes 
of construction is given by the model, 
wherein the diflferent governors are 
connected with the same driving 
wheel and move at the same rate. 
On setting them in motion the first 
to open out fully is the crossed arm 
governor, then follows that of Watt ; 
and the least sensitive apparatus is 
the common governor. On reducing the speed the balls fall in 
the reverse order, viz., (i) the common governor, (2) Watt's 
governor, (3) the crossed arm governor. 

In practice the last apparatus would be too sensitive, and 
accordingly a spiral spring is placed upon the spindle, as indi- 
cated in the sketch, the object being to retard the balls during 
their ascent The spring is under no compression when the balls 
are in their lowest position, but offers a slight and increasing 
resistance as they rise; and the governor is thus rendered a 
practical instrument, instead of being a mere mathematical ab- 
straction. For example, at the Newport rolling mills, Middles- 
borough, this governor has been applied to a large single cylinder 
horizontal engine driving two plate-mills. The engine makes 
about 40 revolutions per minute ; and when nothing is passing 
through the rolls the balls remain in their highest position, but 
when the plates are passing through tlie rolls the arms collapse, 
admit full steam, and rise again as soon as the work has been doiie. 

173. The weighted pendulum governor is a form frequently 
used, and is shown in fig. 117. It consists of two small pendu- 
lum balls, weighing from 2 lbs. to 3 lbs. each, and attached by 
links passing downwards lo a collar on the driving spindle, which 



270 The Steam Engine. 

carries a weight varying from 50 lbs. to 300 lbs., according to the 
size of the governor. The balls revolve at a high speed, making 
from 3 00 to 300 revolutions per minute. Suppose that the rods 
canying the balls are equal in length to the links connected with 
the suspended weight w, then it is clear that for any small dis- 
placement the vertical rise of w is twice that of either balL 

Let p be the sum of the weights of the two balls, and let there 
be a small increase of velocity ; then the centrifugal force is the 
same as in an ordinary governor, but the weight raised is different, 
for when p rises through a small vertical space w is raised, by the 
arrangement of linkwork, through twice that space. It follows 
that the height of the cone is to that of an ordinary pendulum as 
p + 2 w : p, and that the sensitiveness is increased in the propor- 
tion of p to p + 2 w. 

SIEMENS' CHRONOMBTRIC OR DIFFERENTIAL GOVERNOR. 

174. If the governor of an engine were absolutely perfect it 
would regulate the velocity of the machine to one uniform, unde- 
viating speed, and would not suffer any departure from that defi- 
nite rate of motion. Such a governor would adjust the supply 
of steam exactly to the demands made upon it, and would in 
effect cause the machinery to move at one constant rate. 

The governor by Watt makes no pretension to realise this ideal 
perfection, and does nothing more than moderate the inequali- 
ties to which a steam engine is liable under varying conditions of 
load. So far from being perfect it is subject to two principal 
defects, which are well known to exist, but which do not detract 
from its general utility as the most effective of any simple apparatus 
for regulating the speed of an engine which has yet been devised. 
I. Watt's governor cannot prevent a permanent change in the 
speed of the engine when a permanent change is made in the 
load ; that is evident ; for suppose that the load were diminished, 
and that the speed Mere required to remain constant, such a 
result could only be obtained by reducing the supply cf steam, 
whereas the governor fails to reduce the supply unless the balls 
open out more widely, or unless a correspondingly higher rate of 
motion is maintained. 
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In order to retain one uniform speed two things appear to be 
necessary, viz., first, that the pendulum constituting the governor 
should be driven by a constant force, in which case its rate of motion 
could be prescribed definitely beforehand, and would remain in- 
variable ; and, secondly, the engine should be compelled to adapt 
its own motion to that of the invariable pendulum by some 
mechanical contrivance which should forbid any deviation. 

Mr. Siemens has endeavoiured to cany out the conception 
stated above : he drives the pendulum by a raised weight, and 
pours into it a little excess of maintaining power, which excess is 
absorbed by friction. The pendulum, therefore, revolves at a 
constant speed, and the apparatus for tying down the engine to 
the rate of the pendulum is a differential train of wheels, which 
will be described immediately. 

2. The second defect is that the governor does not begm to 
act until a sensible change has occured in the speed of the engine ; 
for the balls do not open out more widely until after the velocity 
has increased, nor can they rise until an additional store of eneigy 
sufficient to overcome the Diction or inertia of the moving parts 
has been accumulated. 

Mr. Siemens' invention is directed also against this second 
defect, for by the operation of the differential motion it results that 
the whole energy stored up in the revolving balls is ready to act 
upon the steam- valve at the first instant that the engme attempts to 
deviate from the pendulum ; whereas in the ordinary governor the 
additional energy stored up in the balls by increased velocity of 
rotation is the power available to control the valve. One action 
IS slow and comparatively feeble, the other is instantaneous, and 
cannot be resisted. 

The annexed sketch shows an elevation of Siemens' governor 
partly in section, together with a plan of the levers between 
the train of wheels and the raised weight The differential motion 
is made up of the mitre wheels a, b, b, and r, wl^ereof a is keyed 
to the vertical spindle, and is driven by the engine, while c rides 
loose upon the same spindle, and is connected directly with a 
heavy conical pendulum enclosed in a casing d^ d. b, b are two 
separate wheels, carried on a hollow spindle, through which the 
driving spindle passes, and in gear with both a and c The dif- 
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ferential motion is made up of the three wheels a^ b, and c^ the 
fourth wheel being merely put in to equalise the driving pressure 
on the two sides of the vertical spindle ; and it is well known that 
where three equal bevel wheels, as a, b, c^ are in gear the velocities 
of A and c are equal and in opposite directions. Also as long 
as the velocities of a and c remain equal and opposite b will 
rotate on its axis but will not shift its position ; whereas on the 
smallest difference between the motions of a and c the wheel b 
must begin to run round them, and it is only by so running round 
that a difference in the velocities of a and c becomes possible. 
It further remains to connect the weight w and the throttle 




Jig. 137. 

valve with the differential train of wheels. This is done by 
attaching w to the end of one arm of a bell crank lever whose 
fulcrum is aty^ the other arm moving in a different vertical plane, 
and being connected by a link ^ to a short projecting rod which 
acts as a handle to shift the wheels b, b round a or c. The axis of 
the valve spindle passes also through /, whereby, on turning the 
bell-crank lever, a throttle valve is more or less opened and the 
supply of steam is regulated 

A model of this governor is deposited in the Museum of the 
Patent Office. The wheel a is driven by hand, and on examining the 
apparatus it becomes easy to comprehend the action of the weight 
w. First, move the handle suddenly, when a runs round, but 
tlie inertia of the pendulum prevents c from responding, and the 
consequence is that w is jerked upwards. Next, turn the handle 
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slowly, when all the wheels rotate on their respective axes, but w 
remains at rest On gradually increasing the velocity we find that 
there is one particular speed at which w is just raised, and that it 
can be maintained in higher and higher positions by further accele- 
rating the motion until it reaches a stop which defines the limit at 
which the governor ceases to act. As to the pendulum, that is, 
in fact, a small fly-wheel divided into segments, and carrying a 
sort of friction brake, which is pressed outwards against the 
casing by springs. So long as w is raised it tends to accelerate 
the motion of c^ and, according to the phraseology of mechanics, 
it is the driver of r, and we have here an example of a conical 
pendulum driven by a raised weight, and therefore moving at a 
constant velocity. Also it follows that the engine must accommo- 
date itself to the speed of the governor, for otherwise b would run 
round and the throttle valve would be acted upon. It is furthei 
evident that the whole energy accumulated in the pendulum 
would be thrown upon the valve if the velocity of a varied from 
that ofr. 

In the year 1866 Mr. Siemens brought to the notice of the 
Institution of Mechanical Engineers a new form of this governor, 
in which the conical pendulum was replaced by a cup of parabolic 
shape, open at both ends and dipping, into water. In the modi- 
fied apparatus the cup rotates about a vertical axis, and as it 
revolves the water rises in a parabolic surface and may flow over 
the rim. At a sufficient velocity a continual stream of water is 
raised, which is projected over the edge, caught upon fixed 
vanes, and deflected back against other vanes attached to the 
outside of the cup and rotating with it Work is, therefore, 
continually done and a resistance is opposed whereby the velocity 
of rotation of the cup remains practically constant As before, 
the cup is driven by a raised weight, and the only difference con- 
sists in the substitution of the liquid and the rotating cup for the 
ordinary conical pendulum. 

DONKEY ENGINE. 

175. The greater number of the diagrams on the steam engine 
which have been published by Messrs Chapman & Hall have 
been reproduced m this book, and we purpose now to describe the 

T 
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Arrangement of a small pumping engine, which has been photo- 
graphed on wood from the large diagram. 

The method here adopted of placing the pump in a line with 
the steam cylinder is in common use, and if the engine were of 
larger dimensions and placed horizontally it would represent the 
type of engine employed for forcing water into a full-sized ac- 
cumulator. The upper part of the drawing requires no special 
explanation ; the throttle valve, the slide valve, the ports, and the 
exhaust passage are sufficiently indicated, but diere is a peculiarity 
in the mode of actuating the slide and of obtaining the rotation of 
the fly-wheel which should be made clear. 

Supposmg the fly-wheel to rotate upon the axis f l it is appa- 
rent that the end a of the crank d a will describe a small circle 
round the central point of the extremity l, and that the slide s will 
be driven by the motion of a in a circle, just as if an ordinary 
eccentric had been constructed. 

The rotation of the crank l h is obtained by a movement 
which can hardly be recommended as being good of its kind, and 
which is the converse of the motion shown in fig. 37. Instead of 
the pin causing the slit bar to reciprocate, we have the reciproca- 
tion of the bar r s causing the rotation of the crank L H. The 
example is interesting as showing one of the devices used by 
mechanics in the conversion of motion, as well as the utility of a 
fly-wheel for carrying the crank over the dead points. 

As to the pump, it is unnecessary to say more than that the 
action is that of a common force-pump, with a suction valve at n 
and a delivery valve at m. 

GIFFARD*S INJECTOR. 

176. The invention of the injector for supplying feed- water to 
the boiler of an engine is principally remarkable as presenting an 
illustration of the direct conversion of heat into work. Before 
describing the apparatus it will be necessary to explain the mean- 
ing of the term * induced current' 

Looking back historically it appears that in 17 19 Hawksbee, 
the inventor of a double cylinder air-pump, showed that when a 
current of air was sent through a small box— entering by an opening 
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At one side near the top and escaping by a corresponding opening 
at the opposite side — the eflfect was to rarefy the air within the box 
rather than to compress it It is an old experiment to suck up 
and drive a jet of spray out of a bottle by blowing through a 
horizontal tube with a contracted nozzle whose end is placed just 
over a vertical tube dipping into water contained in the bottle. 
The current of air passing over the open mouth of the vertical 
lube carries away some of the air from inside the tube, whereby 
the water rises to the top and is dispersed in a jet of spray. 

According to theoretical definitions the particles of gases 
repel one another and have no coherent action among themselves. 
In practice this is not the case ; and if a definite current of air be 
set up in a mass of air at rest, as when a jet escapes from the 
mouth of a tube, the air in motion will drag a number of the 
quiescent particles with it and will extend considerably the di- 
mensions of the original current It will, in technical language, 
induce a current also in the surrounding air. 

The application of an induced current, with which we are now 
concerned, is exhibited in the annexed sketch. The globular ves- 
sel represents a boiler in which high-pressure steam is generated, 
and from which it escapes at an orifice e. The steam is discharged 
just inside a conical casing or nozzle, the object of which is to 
provide a means for setting up an induced current of air which 
will speedily exhaust the tube. The water, forced up by atmo- 
spheric pressure to supply the loss of air, will, therefore, issue fix>m 
E, and we shall have made the first step towards the construction 
of an injector, viz., the discharge through e of a mixed jet of steam 
and water (see fig. 139). 

In fig. 140, which shows a Giflfard's injector as constructed by 
Messrs Sharp, Stewart & Co., there is a pipe marked * steam,' 
which terminates m a vertical conical nozizle, having within it a 
solid rod or needle capable of contracting in any degree the 
amount of the issuing jet On the opposite side of the apparatus 
is a pipe marked * water,* which corresponds to a b in the ele- 
mentary diagram, and by turning the wheel marked * water regu- 
lator' the tinted sliding tube is brought up or down, so as to 
regulate the supply of water which is sucked up by the inducing 
action of the steam. There is here, therefore, precisely the ap- 
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paiatus already described, together with mechanical means for 
regulating (i) the supply of steam and (2) the supply of water. 

Near the bottom of the injector is a valve opening downwards 
and leading to the flanged end, marked * delivery/ which is in 
direct communication with the boiler. The valve in question if 

STEAM REGUIXTQR 




Fig. 139. 




Fio. 140. 

<hown open in the drawing, but it is closed by tlie pressure 
within the boiler when the injector is not at work. 

Recurring to the elementary diagram, which is intended to 
show the action in its most simple form, we may point out that 
M. Giflard discovered that a mixed jet of steam and water issuing 
from E under the circumstances above stated is competent to 
overpower and drive back a simple jet of water issuing from the 
opening d, and that a supply of feed-water may be forced back 
into a boiler by the steam generated therein without the inter- 
vention of any pumping apparatus whatever. 
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Since action and reaction are equal and opposite it is abun- 
dantly clear that a simple jet of high-pressure steam issuing from b 
could never drive back a jet of water issuing from d under the 
same pressure. It was a great step in science to conceive the idea 
that the absorption of heat which took place at E could furnish 
a source of energy directly available for doing work. There has 
been no parallel to this discovery in any analogous direction, and 
it is difficult to account for the action. 

On the steam side there is the kinetic motion of the molecules 
of steam, and on the water side there is the motion of translation 
of a quantity of water, and the problem is to show a possible 
method of passing from the one to the other. Now, the steam 
issuing at E has a velocity many times greater than that of the 
water forced out at d. The instant that steam is liberated and 
escapes, the kinetic motion of its particles appears under a new 
form, viz., as a motion of translation, and the velocity of an issuing 
jet of steam is many times greater than that of a jet of water forced 
out by the same pressure. If, therefore, the jet of steam could be 
condensed by an indefinite source of cold after it had fairly got 
clear of the orifice it would be converted into a fine liquid Ime, 
and the velocity with which its molecules were rushing out would 
not be changed The motion of heat would be diminished, but 
the onward motion would remain unimpaired. This liquid line 
would be moving at such a high velocity that it would pierce any 
jet of water coming towards it from the boiler, very much as if it 
were a steel wire forcing its way through the mass. We know of 
no source of cold competent to produce this result, but what 
really happens is the same in character though less in degree. The 
steam, liquefied at £, retains to some extent the higher velocity 
which it possessed as steam, and on the whole the aggregate 
energy of the water globules flowing onward at e is greater tlian 
that of the water jet coming towards them from d. The latter 
jet is overpowered and driven back, and a quantity of water from 
the cistern at a is continually forced into the boiler. 

As to the velocities with which we have to deal, it appears 
that if the steam had an actual pressure of sbc atmospheres the 
water would issue at a velocity of about loi feet per second, and 
the steam at a velocity of about 1,800 feet per second. 
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In dwelling on this subject there is an experiment, easy of 
performance, which exhibits the effect of fluid pressure in forcing 
out a jet of liquid, and which recalls the cer- 
tainty thai without the direct agency of heat, 
the injector would be powerless. The appa- 
ratus consists of a brass tube, say 4 feet long 
having a glass beaker at the top. There is a 
stopcock at the base of the tube, and directly 
opposite to it is a small open nozzle of the 
same bore as the stopcock which leads into the 
base of a glass tube about an inch in diameter. 
The water in a is maintained at a constant 
height, and it is found that the water rises in the 
glass tube until it reaches a level b, which ap- 
proaches closely to the level of the water in a. 
I'he difference depends on the loss of energy 
by friction and also upon imperfections of the Fig. 141. 

apparatus and the difficulty of adjusting the openings for the 
water so as to cause the stream which comes from a to corres- 
pond with that coming from b. 

Referring again to fig. 140, it will be seen that a pipe marked 
* overflow ' leads out from the centre of the instrument ; this pipe 
communicates with a small chamber in the central channel just 
below the level of the pinion, and is intended to allow the escape 
of any surplus water. When the supply of steam is properly ad- 
justed to the amount of water sucked into the instrument no over- 
flow takes place, whereas an excess of water or steam will at once 
give rise to a discharge at the overflow. In the one case the 
enei^ imparted to the water is insufiicient and part recoils, while 
in the other case too great a condensation of steam will occur and 
energy will be dissipated. It is, however, easy to adjust the steam 
and water regulators so as to avoid any waste. 

The rise in temperature of the feed-water shows the amount 
of energy available for doing work, and it is found that the quan- 
tity of water delivered into the boiler increases as the feed-water 
itself is supplied in a colder state. Thus, in one case, the tempera- 
ture of the feed-water before entering the injector was 60**, 90®, 
120**, and the number of gallons of water delivered per hour was 
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972, 786, 486 respectively. Tt is a confirmation of the expla- 
nation that steam at a given pressure will force water into a 
boiler against a still higher pressure. Thus, steam at 27 lbs. pres- 
sure forced water into a boiler where the steam was at 5a lb& 
pressure, the temperature of the feed-water being raised from 92** 
to 170** during the operation. 



LINK MOTION FOR REVERSING AN ENGINE. 

177. AVhen the piston is near the middle of its stroke in a 
direct-acting engine the slide-valve will have moved over the 
steam ports in the manner pointed out in fig. 142. 

The large and small circles represent respectively the paths 
traced out by the centre of the crank pin and the centre of the 
eccentric which works the valve; and inasmuch as the slide would 
not be seen in a sectional drawing it is repeated in a supplemental 
diagram, where its position in relation to the steam ports is indi 
cated The method of reversal is the following : — 




Fig. 142. 

In the upper diagram the piston is moving to the right and 
the valve to die left, the piston having advanced so far in its stroke 
that the valve is returnmg to cut off tlie steam. In order, there- 
fore, to change the motion it is necessary to drive the piston back 
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by admitting steam on the opposite side and by letting out that 
portion of the steam which is urging it forward. Hence the valve 
must be moved into the position shown in the lower diagram, 
which is equivalent to shiftmg the centre of the eccentric from the 
position marked a to that marked b. The piston will then return 
before it has reached the end of the cylinder, or in other words 
the motion of the engine will have been reversed. 

It will be seen that the imaginary crank which works the 
ilide is inclined at an angle somewhat greater than 90^ to the 
crank which is connected with the piston, as must be the case 
where lap and lead are given to the valve. Further, it is appa- 
rent that the crank of the slide rod is in advance of, or leads, 
the larger crank in its journey round. 

The explanation shows that in reversing an engine we must 
either shift the centre of the eccentric from the position a to the 
position B, or else we must employ two eccentrics and provide 
some means of connecting each in turn with the slide-valve. 

The method of reversal by shifting the eccentric from the 
position A into the position b was at one time largely employed 
in marine engines, but it has gradually given place to the reversal 
by delink motion. That apparatus for reversing an engine has 
grown with the locomotive engine, and is so convenient and rapid 
in its action that no other can compare with it 

The link motion appears under three forms : there is (i) the 
shifting Imk, having its concave side towards the axle or crank 
shaft ; (2) the stationary link, where the curvature is in the opposite 
direction ; (3) the straight link, which is derived from a com- 
bination of the two former contrivances. 

I. In the shifting link motion two eccentrics are keyed upon 
the shaft in the positions which we have agreed to call a and b ; 
the link is an open slotted circular piece, struck with a radius 
equal to the effective length of each eccentric rod, and having, as 
before stated, its concavity turned towards the axle or shaft of the 
engine. The slide rod is connected with a block which moves in 
the slotted link, whereby the end of the rod is actuated by either 
of the eccentrics at will This construction was adopted at an 
early period, and is known as ' Stephenson's link motion.' 

a. The stationary link, which is that shown in the drawing, was 
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invented by Mr. Gooch, of the Great Western Eailway. It will 
be seen that the link r s is here suspended by an arm 3 c, so as to 
be stationary so far as any up-and-down movement is concerned, 
and that it is circular in form, being struck by a radius equal to 
D R, whereby also its concavity lies towards the cylinder and 
away from the axle or shaft of the engine. In the sketch the for- 
ward eccentric is in operation, and the motion is readily traced 
from the axle to the slide, which is shown as having partly un- 
covered the steam port marked a. On pulling the rod h which is 
in connection with the starting lever, or its equivalent, the bell 
crank k ^ l is moved, and the jointed rod d r is brought down by 
the pull of L M into a lower position, whereby it imparts to the 
slide the motion due to the back eccentric, and the engine is 
consequently reversed 

3. A thu-d method is Allan's straight link motion, in which 
the link and the valve rod are both shifted in opposite directions 
at the same time. When the link is shifted it must of necessity 
be curved towards the eccentric rods, and when the slide rod is 
jointed as at d and shifted up or down the curvature of the link 
musl be towards the slide, from which it follows that if both the 
link and the slide rod shift in a vertical plane the concavity and 
convexity may neutralise each other and a straight link may serve 
to give the motion. Link motions prove to be rather complicated 
pieces of mechanism when any attempt is made to analyse them 
thoroughly, and therefore it may suffice to say that with a stationary 
link the lead of the slide is maintained constant under all changes 
in the position of the sliding block, whereas with the shifting link 
the lead increases a little towards the central positioa 

One advantage of the contrivance consists in the power which 
it gives to the engineer of regulating the supply of steam admitted 
into the cylinder. By moving the starting lever or its equivalent 
into intermediate positions the amount of travel of the valve is 
reduced at pleasure, for it is evident that no steam can enter the 
cylinder when the lever is half-way between its extreme positions, 
and that varymg amounts of opening of the steam ports, increasmg 
to the maximum value, will occur when the lever is pushed over by 
successive steps. 

We pass on to de' J:ril)e other arrangements of reversing gear 
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which are now of considerable practical value, and shall confine 
the inquiry to certain principal forms, commencing with that 
patented byy. W. Hackworth^ a.d. 1859, Na 2,448. 



OTHER REVERSING VALVE GEAR. 

178. It will be remembered that in working a slide valve by a 
simple eccentric, the motion is equivalent to that of a crank c p 
and connecting-rod pq, the end p being carried round in a circle 
while the slide s reciprocates in a straight line. 




Fig. 144. 

It is clear that a sufficient motion of the valve might be ob- 
tained if the point p were constrained to move in an inclined oval 
curve as shown in the diagram, the longer axis of the oval, viz. p/, 
making an angle with the line c q. 

This idea has been at the foundation of the class of inventions 
now to be considered, for it will be seen that there are many ways 
of getting such an oval, each of which has its advocates and is 
well worthy of consideration. 

179. It is an elementary fact in geometry that, in the ordi- 
nary combination of a crank and connecting rod, as used in a 
direct-acting engine, any point in the connecting rod p q will, as 
the crank revolves, describe an oval curve in the plane cpq. 
This curve resembles a section of an egg, being rather more 
pointed at one end than the other, and is approximately an 
ellipse. 

In fig. (i) of the annexed diagram, the end Q of the connecting 
rod PQ is constrained to move along the^^^^e^A b, pointing to c. 
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iind a point R in the connecting rod, selected at pleasure, will de- 
scribe an oval as shown by the dotted curve. 

Taking the position of the connecting rod p q when p c Q is a 
right angle, it appears that if a b be turned about the point Q so 
as to take the position l m, or n t, the point q will, as c p revolves, 
move up and down the lines l m or n t, as the case may be, and 
the point R will describe an inclined oval curve such as that which 
we are seeking to obtain. It appears also that the direction of the 
longer axis of the ova depends on the direction of the guiding 
slot in which the point Q moves. 

It only remains to connect one end of the valve rod with the 
point describing an oval, taking care that the other end moves in 
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a straight line perpendicular to c Q, and we shall have a conve- 
niently arranged vjdve motion which can be reversed by changing 
the direction of the guide as in figs. (2) and (3). 

180. Having premised these introductory observations, we 
turn to Hackworth's specification, which states that on the main 
shaft of the engine and side by side with the driving crank there 
is placed an eccentric pulley, the extreme throw of which is directly 
opposite the extreme throw of the driving crank, while the throw 
of the eccentric must exceed the traverse of the valve. 
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Fig. 146. 
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The annexed lecture diagram is taken substantially from that 
in the specification, c p being the crank which is the equivalent of 
the eccentric pulley, p q the eccentric rod, the end Q being con- 
strained to move in the vertical b'ne c q, and the steam cylinder 
being horizontal. 

c B is the crank of the engine, terminating in the crank pin b, 
while B D is the connecting rod The piston is now at one end of 
its stroke, and it will be seen that c b and c p point in opposite 
directions in a horizontal line. 

The valve, with its strap or spindle, is connected with a hori- 
zontal valve rod t r, jointed to the eccentric rod at the point r, 
which is preferably chosen so that q r = ^ Q p, or nearly so. 

When the crank is on the dead centre, as in the diagram, the 
valve is thrown back by a space on the opposite side of cq, 
which is equal to the lap plus the lead. 

In whatever position the bar a q may be held it is always 
capable of oscillating about the end a, and it follows that if c p be 
rotated about c, the end q of the eccentric rod p q will describe 
a small arc of the circle whose centre is a and radius a q, which 
is practically the same as if Q were constrained to move in a 
straight slot pointing to a 

In this state of things the port will not open any farther for 
steam, but when c p and c b have each made half a revolution the 
valve will be moved back upon the other steam port by an amount 
equal to the lap plus the lead, and neither port will oj)en for 
steam by a greater amount than that due to the lead of the valve. 

There are different contrivances for shifting the lever a q, as 
to which it is easy to arrange a convenient mechanism, and we 
shall now suppose that a q is shifted into the position l q, being 
still free to oscillate about the end l, which is the new position 
of A. It follows that during each revolution of c p the point q will 
oscillate in the dotted line /«, which is approximately a straight 
line corresponding to lm in fig. 145, and as this line is inclined 
to c Q the point r will describe an oval whose longer axis is simi- 
larly inclined to c q. 

In order to make this clear the lever a q is shown in three 
positions in a separate diagram, and the corresponding oscillations 
of the point q are indicated by the dotted circular arcs. 
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It is evident, from what has been premised, that a valve motion 
IS obtained by setting a q in the position lq, and it remains for 
us to show that the engine will be reversed by placing the lever in 
the position n q, which is equivalent to causing the point Q to 
oscillate in the line n t instead of the line Inu 

Wliether Im and fr / be actually straight lines, formed by a slot 
in a block riding on a stud or pin, or whether they be approximate 
straight lines formed by small arcs of a circle, as in the main dia- 
gram, is only a question of construction. Both methods are fully 
set out in the specification, and we shall therefore assume that Im 
and /f / are straight lines. 

The main diagram shows the piston at the end of its stroke, and 
the present diagram is intended to show that the crank pin b has 




moved from b to b' in the forward stroke, at which time the 
piston will be near its middle position, the valve being open for 
steam and the piston moving to the right 

Conceive now that the line /»i, in which Q moves, is shifted 
into the position « / by changing the position of the reversing lever 
from L Q to N Q. 

The effect of doing this will be at once to carry the slide to 
tlie left hand, thereby opening the «team port on the opposite side 
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of the piston and reversing its motion. In truth the joint of the 
valve rod marked t in the main diagram will be shifted from ^ to e. 

Inasmuch as the valve is set back by an amount equal to the 
lap plus the lead when b c p is horizontal, and no motion is im- 
parted to the valve by shifting the lever a q into the positions l q 
or N Q, it is apparent that the lead remains constant for every 
position of A q, whether in the direction marked forward or in 
that marked backward, and hence, as stated by the inventor, the 
lead never varies. This is a prominent advantage secured by the 
forms of valve gear now under consideration. 

181. In order to appreciate from a general point of view the 
value of an oval curve in working a slide valve, the student should 
refer back to Arts. 103 and 104, where the crank of the eccentric, 
marked 0/ in figs. 78 and 79, is set back so as to make an 
obtuse angle h op with the line of centres, in order to allow for 
the lap and lead. It follows that when the main crank arrives at 
a dead point the slide valve will have completed the most rapid 
part of its motion (which occurs when h 0/ is a right angle), and 
its velocity will have begun to diminish. 

But it is just at this moment that the steam port is opening 
for the entrance of steam into the cylinder, when it is an advantage 
to quicken the motion of the valve instead of retarding it 

It will be found, on applying the oval motion, that the point 
R, to which the valve rod is attached, is near the apex of the oval 
when steam is admitted, and that in passing round this apex the 
valve is shifted rapidly so as to complete the full opening for 
steam. It is one of the advantages claimed by the inventor that 
the valve opens quickly when the crank is passing a dead point, 
or when the engine is on the centre, as engineers express it 

It is fully explamed in the Elements of Mechanism that ah oval 
curve is the result of combining in a regular manner two motions 
at right angles to one another, which are of proper amount and 
properly timed. It is further apparent that the point r is the 
recipient of two simultaneous movements at right angles to one 
another, the result of the combination being shown by the form of 
the oval. 

Taking one of these movements as occurring in CQ, and the 
Other at right angles to c Q, it will be easy to trace the effect of 

U 
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each upon the valve and to find out when they tend to corroborate 
or when to neutralise each other. 

In this manner the valve motion may be subjected to a com- 
plete analysis. 

182. When the principle of a movement, such as that now 
under discussion, is well understood there will be no difficulty in 
suggesting modifications of construction. 




Fig. 148. 

For example, it is obvious that if the point r in fig. 145 were to 
reside in p q produced, as in the annexed diagram, there would be 
no material change in the character of the ovals traced out by the 
point R. In fact, the principal difference consists in the power of 
obtaining an enlarged curve without increasing the length of the 
crank. 

As before, let the point q in the connecting rod P Q be guided 
in the straight slots marked a b, l m, and n t, when a point R in 
p Q produced will, as required, trace out the ovals a b^ Im^ or n t 

In a patent of 1876, No. 4,246, Messrs. y! W. and A, Hack- 
worth described such a modification, and their specification states 
that by attaching the valve rod to the overhanging end of the 
eccentric rod there is obtained the advantage of giving a greater 
travel of the valve with either a smaller eccentric or less amount 
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of inclination of the changeable path, which has been called Itn 
or ff / in the description given above. Indeed, Xht first claim of 
invention was obtaining 'increased expansion of steam through 
connecting the valve to the extreme end of the connecting rod/ 
It was further claimed that there was an admission 'of a more 
equal charge of steam at both ends of the cylinder at all grades of 
expansion.' 

It is further apparent that the virtual crank of the eccentric may. 
coincide with the main crank instead of being opposed to it, 
regard being had to the necessary motion of the valve, and we refer 
to a diagram taken from the specification of a patent granted to 




149. 



Mr. P. C. Marshall^ the well-known engineer, in 1880, No. 4,185, 
where such a construction is set forth. The student may also 
refer to the specification of a patent granted in 1879, No. 2,138, 
to F, C, Marshall^ on the same subject-matter. 
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The sketch is taken from the specification No. 4,185, and 
shows the eccentric rod p Q r having the intermediate point Q 
attached to the reversing lever a q, whereby the point Q moves in 
the small arc of a circle centred at a. 

The direction of this arc being inclined to the line c Q, and 
the valve rod being attached to a point r in c Q produced, it 
follows that the end of the valve rod will describe a small inclined 
oval curve such as is set out in the diagram. 

The specification No. 2,138 states that the valve used with the 
gear therein described ' is made dissimilar ended when connected 
direct to the eccentric rod, having, in the case of a valve with 
single exhaust opening, two steam openings at the end opposite 
the gear and one steam opening at that other end, and in the case 
of a valve with double exhaust openings three or four openings for 
steam on that end opposite to the gear, and two only at the other 
end.' This is a combination of an ordinary valve at one end and. 
a gridiron valve at the other end. 

joy's valve gear. 

183. In Joy's valve gear, which has been adopted in some 
engines on the London and North-Westem Railway and elsewhere, 
and is a most valuable invention, there is no eccentric, but the 
oval curve is derived from a single combination of linkwork, the 
direction of the longer axis of the oval being varied by changing 
the direction of a slotted guide. 

The first patent was granted in 1879, No. 929, and there have 
been other subsequent patents. 

The nature of the invention will be apparent from the diagram, 
which shows its application in a locomotive engine, c being the 
centre of the crank shaft, and b the crank pin. 

The end Q of the connecting rod b q is constrained to move in 
the line c Q, while r e is a link jointed at R to the connecting rod, 
and attached at the end b to an arm or lever d e having a fixed 
centre of motion at d. Another link s t is jointed at s to r e, and 
carries at the point n a small sliding block which travels up and 
down in the curved slotted block Itn. 

The valve rod t v is jointed at t to a point in s t, and at v it 
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is further attached to the valve spindle. There is provision made 
for changing the direction oi Im when it is required to reverse the 
engine. 

The precise arrangement of the working parts will be explained 
in the next article, the present description being merely introduc- 
tory. 

The three principal ovals are marked out by dotted lines. 

There is first an oval described by the point r, then there is 
an oval described by the point s, which shows a peculiarity often 
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observed in the final curve on which we rely, viz. that one half is 
flatter than the other half. 

There is finally the curve described by t, which gives the re- 
quired valve motion. 

184. In order to set out Joy's valve gear we proceed according 
to the rules stated in a short pamphlet written by the inventor 
and to which the reader is referred for a more detailed account 

Let P Q c be the central line of the cylinder, c b the crank, b q 
the connecting rod, p q the piston rod, cb,cb' the positions of the 
crank, and b e, b'e those of the connecting rod, when the piston is 
at half-stroke. 

Select a point on the connecting rod such that its vertical 
vibration between the positions be and b'e (which is marked cdon 
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the diagram) shall be about equal to c b, being preferably a little 
in excess of the length of the crank. 

Let R and z be the extreme positions of the point so selected 
when the crank is on the dead centres. Produce the vertical cd 
in both directions, and take a point e in cd produced such that 
the angle r sz shall not bo in excess of a right angle, being pre- 
ferably a little less. 

The link r s connects the points R and b as shown, and the 
link ED has a fixed centre of motion d at some convenient point 
in the framework of the engine. 

Taking the durection of the valve spindle line vt, which is 
horizontal on the diagram, mark off upon it a space z; t on one 
side of the vertical line dc produced upwards, which is equal to 
the required lap plus lead. 

On R E measure r s=:§ ^^, and join t s cutting dcv in n. The 
point N will be the centre of oscillation of a curved link, which, by 
assuming different inclinations to dcv, causes the reversal of the 
engine. 

As the crank goes round, and the connecting rod oscillates, 
the point n travels up and down the curved link already referred 
to in the last article, and t describes the oval curve for which we 
have been seeking. 

The curved link or slot in which the pin n travels to and fro 
is indicated by dotted lines in the diagram which correspond to 
fm and ntin the Hackworth diagram. The curve of the link is 
a circular arc having t v as a radius. In the diagram the radius 
of the curve is marked by the line n o, which is equal and parallel 
to TV, and Mr. Joy states that the opening of the port beyond the 
amount given as lead is dependent on the amount of angular 
motion imparted to the curved link. Also that in this gear the 
* leads ' and ' cuts off' for both ends of the cylinder and for back- 
ward and forward going will be practically equal, the opening of 
the ports being also as near as possible equal. 

VALVE DIAGRAMS. 

185. There is yet another matter connected with valves which 
should not be passed over, and that is the graphical method of 
representing the motion of a valve, as laid down by Zeuner^ who 
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has written an elaborate treatise on the subject We shall confine 
the inquiry to an elementary explanation of the so-called valvt 
diagram. 

When the slide valve of an engine is worked by an ordinary 
eccentric, the motion of the valve is that due to a crank and con- 
necting rod ; but in practice the length of the eccentric rod is so 
much greater than that of the crank that we may, as a first 
approximation^ conceive that the eccentric rod remains parallel to 
itself during the motion. On this supposition the position of the 
valve during each instant of the stroke may be set out in a simple 
form of diagram, giving the so-called curve of position of the valve. 

For example, let c be the centre of 
the circle ad be, described by p, the 
centre of an eccentric pulley. 

Draw the diameter acb, and let 
AB represent the whole travel of the 
valve. Draw PN perpendicular to ab; 
then as p goes round in the circle the 
position of n will indicate the position 
of the valve. 

On AC describe a circle cutting 
cp in R, and join ra. Then in the 
triangles c R a, c N p we have c p=c a, 
and angle c R A=angle c n p, each being a right angle ; also the 
angle r c n is common to both triangles, therefore cr=cn. 

Hence if c p represent the crank of the eccentric pulley, and 
the construction in the figure be completed, the curve arc will 
give the position of n relatively to p at any instant 

It follows that as p travels round the circumference of the 
circle a d b e the two small circles drawn upon a c, b c as dia- 
meters are the curves of position of the slide valve. Thus when 
p comes to p' the line c r' represents the distance of the valve 
from its central position, or more accurately the distance of any 
point in the valve from the central position of the point in question. 
If the obliquity of the eccentric rod be taken into account, 
the curve of position of the valve can be set out in the manner 
following. 

Let c p be the crank of the eccentric, and p q the eccentric 
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tud at any instant With centre Q and radius Q p describe the 
circular arc p r, and with centre c and radius c R describe the 
circular arc rs, cutting cp in s. Then the curve of position of 
the valve will be ascertained by setting out a sufficient number of 
points, such as s. It is given roughly by the dotted lines in the 




Kio. 153. 

diagram, the small circles indicating, as before, the curve of posi- 
tion when the obliquity of the eccentric rod is neglected. The 
student will note that the dotted curve lies inside one small circle 
and outside the other. There is also a peculiarity in the shape of 
the curve near the point c, which cannot be shown on the scale 
of the diagram. 

186. So much being premised, we pass on to consider the 
method of setting out in a single diagram the movement of the 
valve corresponding to any given position of the main crank of 
the engine. 

Taking the case of a direct-acting engine, let x x' represent 
the centre line of the cylinder, and let boa be the travel of the 
valve, the small circles being the curves of position as found in 
Art 185. 

Disregard the lead of the valve, and let c e be the direction of 
the crank of the eccentric, when c b x is that of the main crank. 
Then c R is the movement of the valve from its central position, 
and is therefore equal to the lap of the valve. 

With centre c and radius c R describe the circular arc R Q s ; 
then c R E is the direction of the crank of the eccentric at admis* 
swHy and c s ^ is the same at cut-off. Also, if any line c q p be 
drawn from c it will represent the whole movement of the valve 
from its middle position, when the crank of the eccentric takes 
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the direction cp, and since CQ is equal to the lap of the valve it 
follows that Q p is the opening of the steam port for the admission 
of steam. 

In like manner, while the crank of the eccentric moves through 
^LD we can set out the points of release and compression. Thus 
let c r be the inside lap of the valve; then the circular arc rq cor- 
responds to RQ, and just as pq shows the opening for steam %opq 
shows the opening for exhaust, the lines cl, c/indicatingthe direc- 




tions of the eccentric at the periods of release and compression 
respectively. 

As yet nothing has been said about the lead, the object being 
to explain the principle of construction of the diagram in its sim- 
plest form, but in the next article the lead will be taken into 
account 

187. It remains to modify the diagram, so as to make it more 
convenient for the solution of problems, leaving its general cha- 
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racter untouched What is really wanted is a method of 1 ecording 
the motion of the crank and the travel of the valve in a single 
diagram. 

As before, let x x' be the central line of the cylinder, and a b 
the travel of the valve, and let a b, d ^ be at right angles. 

Let OR = lap of valve, 
RT = lead of valve. 

Draw TM at right angles to ca and join cm. Then, upon com- 
parison of this diagram with that in the last article, it is clear that 



CaB 2^ 




Fig. 155. 

the angle m cd represents the angle by which the crank of the 
eccentric is advanced to allow for the lap and the lead. 

Hence angle m c d = angle of advance. 

Upon CM as diameter describe a circle which which will be one 
vaJve circle of the diagram. 

With centre c and radius c r describe the circular arc iti r s. 
Join cm and produce it to « ; then a is the position of the main 
crank at admission. Also join c s and produce it to « ; then e is 
the position of the crank at cut-off. 
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In like manner we may deal with the points of release and 
compression, and trace the period during which the exhaust of 
steam is continued. 

For this purpose draw the second valve circle on c N, and with 
centre c and radius c r, equal to the inside lap, draw the circular 
9xcrqs\ then l is the position of the crank at release and / the 
same at compression. 

The respective openings for steam and exhaust at any time 
are represented by lines such as p q and/^. The steam port is 
always large enough to give the full opening as marked, but it 
often happens that the exhaust port b more contracted relatively, 
whereby the actual opening may be somewhat less than that set 
out in the diagram. 

Ex. I. If the travel of a slide be 4^ inches, outside lap 
=1 inch, inside lap=^ inch, angle of advances3o®, find the 
positions of the crank at admission, cut-off, release, and compres- 
sion. 

Referring to diagram (i) in fig. 156, we have cd=2^ inches 




Fig. 156. 



and angle MCD=3o®, also CR=i inch, whence the point m is 
found, and ctna^z^e can be drawn. Also cr=^ inch, whence 
crL, csl can be drawn, and it will be found that 

angle ACfl = 3^ 36' 44", angle ac^ = 123^ 36' 44"f 
angle ac l = 156® 22' 46", angle a c/= 36** 22' 46". 

Ex. 2. Given outside lap=i inch, lead=-^ inch, and greatest 
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opening of port to 8team=z-^ inch, show that angle of advance 
=35** 9'> travel of valve=4^ inches, and that cut-off takes place 
when crank has described an angle 115° 51', or at 718 of stroke. 

Referring to diagram (2), draw a valve circle whose diameter is 
CQ + MQ = I + 1^1^ = 2t>^ inches. 

With radius CQ= i inch describe the arc mqs. 

Draw CRTA such that rt=-^; then a is the position of 
the crank when on the line of centres. 

Draw c D at right angles to c a ; then mod is the angle of 
advance = 35® 9' by measurement 

Draw c s ^, which gives ^, the position of the crank at the point 
of compression, and if ^/ be drawn perpendicular to ac produced 
we have a/=7i8 of the stroke, and angle ac^=iis** 51'. 

Here it will be necessary to quit our subject for the present 
The object of the writer has been to point out the influence 
which the modem theory of heat has exercised on the practical 
construction of the steam engine, and to contrast the views 
entertained under the old and new doctrines. No one can be 
said to have a knowledge of the principles of mechanics who has 
not grasped to some extent the philosophy of the dynamical 
theory of heat, and an endeavour has accordingly been made to 
put forward, in a simple manner, many elementary propositions 
which are essential for the comprehending of that ideal heat 
engine which an engineer should always keep in view as some- 
thing to be aimed at though it can never be reached 

The mechanism and construction of the engine have been 
touched upon in many important particulars ; the drawings have 
been collected from various sources, and in particular from dia- 
grams prepared for the Science and Art Department by C P. B. 
Shelley, C.E., and the Author ; and it only remains for the latter 
to express a hope that the book now completed may prove to 
some extent useful as a guide to his younger fellow-workers. 



Examples on Valve Diagrams.— Ex. i. The travel of a slide valve is 8} 
indies, the angle of advance is 35^, the outside lap is 2^ inches, and the in- 
side lap is \ inch. Find greatest opening to steam, lead, and point of cut-o£ 

Ans, Greatest opening » 2^ inches ; lead » \ inch ; cut-off at j| of stroke. 
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Ex. 2. Given travel of valve « 5 inches, outside lap«f inch, inside lap>| 
inch, angle of advance « 20°, prove that the petition of czank is at 

admission 2^ 3c/ before line of centres 

cut-off 142 30 after », 

release 167 40 „ ,, 

compression 332 20 „ ^ 

Ex. 3. An engine has steam and exhaust ports each 3 inches wide, also 
inside lap»| inch, outside lap^} inch. Find travel of valve when the port 
just opens fully to exhaust ; find also the angle of advance when lead-^ inch. 

Ans, Travel « 6 J inches ; angle of advance « 15** 37'. 

Ex. 4. Given width of steam porta 2*5, opening to steams I '5, outside 
lead a '25, opening to exhaust » 2*5, travel of valve » 5, no inside lap, find 
outside lap and angle of advance, all the measurements being in inches. 

Ans, Lap » I inch, angle of advance s 30°. 

Ex. 5. Given travel of valve =4 inches, angle of admission a 3^^, cut-off 
at I stroke, release at '95 of stroke, prove that lead^j^ inch, ang^e of 
advance » 39^ 30', outside lap « i '176 inch, inside lap s '4728 inch ; also that 

angle of crank at cut-off « 104^ 29' 

„ „ release -154 10 

„ „ compression » 306 49 

Ex. 6. Given travel of valve « 4 inches, outside lapaij inch, inside 1^> 
» 2 inch, angle of advance » 40^, prove that lead « *i6 inch, also that 

angle of crank at admission.. . — 5^ 46^ period of stroke « *oo25 

„ „ cut-off -105 46 „ -•6359 

„ „ release -150 48 „ -'9364 

„ „ compression « 309 12 ,, -'1839 

Ex. 7. Given travel of valve =4 '6 inches, cut-off at | of stroke, exhaust 
opens when piston is ^-^ from end of stroke, angle of advance -^ 30°, prove that 

outside lap » '903 inch outside lead » '247 inch 

inside lap » '277 inch inside lead « '873 inch 

Ex. 8. Given cut-off at ^ stroke, outside lap-i inch, lead -ft inch, 
prove that angle of advance - 36° 35' 21", travel of valve » 4 inches. 

Ex. 9. Given cut-off at -6 of stroke, compression at '85 of stroke, angle ol 
admission « 4**, width of steam port« 1} inch, and greatest opening of steam 
ports- 1 their area, prove that travel of valve -4} inches, angle of advance 
- 4ii**> icad = "128 inch, outside lap « i '438 inch, inside lap - '17 inch, angle 
of release- 143®, angle of compression = 45 J or 1 34 J, period of stroke at 
release - '9, period of stroke at admission =» "0013, 



SUPPLEMENT 
ON GAS ENGINES. 



I. Therb are two numerical results connected with the theory 
of heat which are of the highest practical value. They are given 
in the Text Book, and are the following : — 

(i) By an expenditure of 772 foot-pounds of mechanical work 
one thermal unit of heat is produced. 

(2) In converting a quantity of heat into work the greatest 
amount of work which can by any possibility be obtained from a 
heat engine 

— "^""'x total heat, 



T+460 



where t and / are the temperatures on Fahrenheit's scale between 
which the heat engine (supposed to be perfect) is working. 

In applying these laws in the construction and management of 
heat engines, we begin by increasing the elasticity or pressure of a 
quantity of gas, such as air or steam, by heating it. Such heated 
gas is then passed mto a cylinder and is expanded so as to do 
work After a portion of its heat has been converted into work, 
the residue is expelled from the cylinder at a lower temperature. 

The first operation, then, is to obtain a supply of heated gas, 
and here we encounter losses at every stage. Thus in burning 
coal for the generation of steam there is a continual escape of heat 
by reason of the imperfections of the furnace, and by the discharge 
of heated products up the chimney. 

Again, there are difficulties to be overcome in forcing heat 
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through the shell of the boiler, and in conveying it mto each 
individual particle of the water or steam. 

It would appear then to be a manifest advantage if the heat 
could be applied directly to the elastic gas without the intervention 
of any furnace or boiler. An idea or suggestion so obvious as 
this can hardly have failed to attract those who are in search of 
improvements, and, accordingly, numerous attempts have been 
made from time to time, in order to obtain an elastic agent by 
setting fire to a mixture of coal gas and air within the very cylin- 
der in which the piston of an engine is working. The neat deve- 
loped in the gas during the act of burning would be thus compelled 
to supply a source of energy in the closest contact with the moving 
piece to which such energy is to be transferred. 

No action can be more direct than this, and, in truth, it is the 
very thing which for centuries past has been done in a gun. 

When gunpowder is fired in a closed chamber the temperature 
of the gases rises to a little above 2,000° C, and in the case of 
guncotton the temperature of the gases is about twice that of gun- 
powder (Noble). 

The enclosed gases at these temperatures exert an enormous 
pressure, amounting in the case of guncotton of specific gravity 
*55 to as much ^ 70 tons per square inch, whereas with gun- 
powder of specific gravity i and fired in a closed vessel, the 
pressure would reach 43 tons per square inch (Noble). 

Pressures such as these, generated suddenly in a closed vessel, 
cannot be dealt with in the present state of our knowledge, except 
for the discharge of projectiles. They are not suitable for driving 
the piston of an engine. 

In order to adapt heated gas to the performance of useful work 
in an engine, we require (i) that its pressure shall not rise too 
suddenly, (2) that the intensity of the pressure shall be kept within 
reasonable limits. 

These conditions can be fulfilled during the burning of coal 
gas or of some form of carburetted hydrogen when mixed with air. 

2. Explosive mixtures of gas and air.— Simple hydrogen 
explodes when mixed with oxygen in sufficient proportions. Thus 

2 volumes hydrogen ) give a louder explosion than any other 
I volume oxygen J proportionate admixture* 
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It is a fundamental fact in chemistry that water is composed 
of hydrogen and oxygen in the above proportion. 

For the purposes of an engine coal gas or some form of car- 
buretted hydrogen is preferable to pure hydrogen, and we may 
point out that, speaking generally, 100 volumes of coal gas contain 

Hydrogen , . ; . • 50 volumes 
Marsh gas 35 » 



Carbonic oxide 
Carbonic acid 
defines 
Nitrogen 



15 



Total 100 „ 

3. We now refer to experiments made in relation to the explo- 
sion of a mixture of marsh gas with air. 

The substance marsh gas is carburetted hydrogen (CH4) and 
it explodes when mixed with oxygen in sufficient quantity. The 
most violent detonation takes place when i volume of marsh gas 
is mixed with 2 volumes of oxygen. Thus — 

CH4 + 20a = COa + 2OH2, 

the result of the combustion is carbonic add and water in the form 
of steam, and it is calculated that the pressure of the heated gases 
would rise to about 37 atmospheres. 

Since air contains J of its volume as pure oxygen, the marsh 
gas would require 10 volumes of air for perfect combustion, and 
there would be present 8 volumes of inert nitrogen, which- would 
reduce the force of the explosion. 

Thus with I volume of marsh gas and 10 volumes of air the 
pressure of explosion is estimated at about 14 atmospheres. 

With a larger amount of air the explosion becomes weaker, 
and with 18 volumes of air the mixture does not explode at all, 
but bums with a pale blue flame round a taper immersed in it. 

It is matter of interest to find out (i) when there is just 
enough air for an explosion, and (2) when an explosion is arrested 
by the presence of too large a quantity of air. 

Experiments for ascertaining these limits were made in 1877 
by Coquillon ('Journal Chem. Soc* 1877, vol. i. p. 166), *rho 
tested mixtures of marsh gas and air with the following results ; — 
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Marsh Gas 
Volume 


Air Volume 




I 
I 

I 

I 
I 
I 
I 


\ 

7 

12 

II 


No explosion. 

First limit of possible explosion. 

Sharp explosion. 

• II 
Explosion weaker. 
Same. 
Same. 

Slight commotion, this being the last limit of 
explosion. The air is in excess. 



Similar results had been previously obtained when coal gas 
was mixed with air. There are limits of explosion in both direc- 
tions ; with too little air the mixture will not explode, and the 
same thing happens when the air is in excess. 

Thus Wagner found (1876) that ignition of a mixture of gas 
and air by means of an electric spark began at a proportion of 
mixture of i of gas to 5 of air, and ceased when the mixture was 
diluted in the proportion of i of gas to 13 of air. Ordinary 
illuminating gas requires for its complete combustion 6*3 volumes 
of air to i of gas. 

4. Pressures produced by the explosion of gas and 
air in a closed vessel. — ^Another point of inquiry is to ascer- 
tain by experiment the extent to which the elastic pressure of a 
mixture of gas and air is increased when the combustion or 
explosion takes place in a closed vessel. 

The first published experiments on this subject were made in 
186 1 by Hirn, who employed mixtures of hydrogen or coal gas 
with atmospheric air. The explosion vessels were cylindrical, one 
having a capacity of 3 litres and the other of 36 litres.* Taking 
R mixture of i volume of hydrogen with 9 volumes of air the 
pressure on explosion rose to 3*25 atmospheres, whereas the 
pressure, as given by calculation, would have been 5*8 atmo- 
spheres. The student will understand that the method of calcu« 
lation is the following : — 

Conceive that we select a definite mixture of hydrogen and 
air. The burning of the hydrogen will give out a certain number 
of thermal units, and the product of combustion will be steam, 

> I litres 61-024 cubic inches. 
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having a known specific heat and a known latent heat The rise 
in temperature of the contents of the vessel consequent on the 
explosion may, therefore^ be estimated; and from the rise in 
temperature the increase in pressure of the gaseous products can 
be inferred. This rise in pressure would then be contrasted with 
that actually recorded by a pressure gauge attached to the vessel. 

Similar results were obtained with other mixtiires of hydrogen 
and air, as well as with mixtures of coal gas and air. In all cases 
the observed pressures were much below those which theory would 
have led us to anticipate. 

In 1866 Bunsen made experiments (*Phil. Mag.' 1867, vol. 
xxxiv. p. 489) wherein he used a very small explosion vessel, 
having a capacity of only a few cubic centimetres.^ Also he 
passed the igniting spark through the whole length of the vessel 
m order to secure an instantaneous spread of the flame. His 
results supported those of Hirn, a similar difference between the 
calculated and observed pressures being established. 

In 1880 there were again experiments by Mallard and Le 
Chatelier, giving a large difference between the calculated pres- 
sures and those actually obtained. 

5. Dugald Clerk's experiments.— We pass on to the ex- 
periments of Dugald Clerk, whose paper on the subject is inserted 
in vol. Ixxxv. of the * Proceedings of Inst Civ. Eng.* Here the 
mixtures of gas and air were exploded in a strong cast-iron 
cylinder, the internal space being 7 inches in diameter and 8;^ 
inches long. The explosion was produced by an electric spark, 
and the pressures were marked on the drum of a Richard's 
indicator, which was caused to revolve uniformly by a clock train 
driven by a falling weight, and regulated by a fly or fan. 

The revolving drum was enamelled, and a soft black-lead 
pencil attached in the usual way to the parallel motion marked 
on the drum a line which recorded the movement of the indicator 
piston. Also the drum itself rotated uniformly at the rate of i 
revolution in '3 of a second, and it followed that the position 
of a mark made by the pencil recorded also the time elapsed since 
the instant of explosioiu 

Great care was taken in charging the vessel, the volumes and 
' I cubic centimetre » '061024 cubic inch. 

X2 
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temperatures of the gas and air which were introduced being 
measured. The drum was then set in rotation, and, the spark 
being passed, a line was traced upon the drum which we propose 
now to examine. 

It has been found that in diiferent towns the quality of coal 
gas varies, and Mr. Clerk has been careful to distinguish the gas 
accordingly. 

In this notice it will suffice to select a few prominent results 
as indicating the character of the curves. 

Thus : Taking Glasgow coal gas and air. 

Temperature before ignition = 1 8® C. Atmospheric pressure 
ss 147 lbs. 



VoI.Gai 


Vol. Air 


Greatest Prefsare in 
pounds per sq. inch 
above Atmosphere 


Time elapsed after 
Passage of Spark 


(a) I 

SI 


7 
II 
13 


89 lbs. 
63 lbs. 
52 lbs. 


•07 second 
•18 second 
•28 second 



The curves corresponding to {a) (d) (c) are given below, and 
marked on the diagram. 



80- 



iO- 



'/y-^ 



Fig. I. 



The gradual falling off in pressure, as shown by the curves, 
indicates the loss of elasticity due to the passage of heat through 
the walls of the cylinder. 

It is important to observe that in curve (a) the pressure rises 
rapidly to the full intensity, and then falls gradually by reason of 
the cooling action of the surface of the cylinder. 

Whereas in (d) the pressure reaches its greatest value more 
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slowly and is sustained for some little time before it begins to 
diminish sensibly in intensity. 

The same thing is shown in (r), and the explanation probably 
is that the complete combustion of the gas is retarded by the 
presence of an additional quantity of air. 

As before stated, a pressure curve, such as that under discus- 
sion, shows different results with the gas supplied in different 
towns. 

The practical point for consideration is, what proportion of 
air will give the best working pressure, and Mr. Clerk's deduction 
from these experiments is that with Glasgow coal gas the most 
economical mixture would be i gas to 1 1 air, while with Oldham 
coal gas he would prefer to use i gas to 12 air. 

6. When hydrogen takes the place of coal gas and the mixture 
is strong in gas, the explosion is so sudden and the rise of pres- 
sure so rapid that the effect produced is that of a blow. 

Taking 2 volumes of hydrogen and 5 volumes of air, where 
the air contains just enough ox3^en to combine completely with 
the hydrogen, the pressure rose to its greatest amount in T^irth of 
a second. An action of this kind is unsuitable for the purposes 
of an engine. 

It further appears from Mr. Clerk's experiments that when 
hydrogen is diluted with air in larger quantity the pressure rises 
less rapidly and becomes quite manageable, but it is less in amount 
than in the case of coal gas, and hydrogen is not at all a good 
gas to employ in an engine. 

7. Comparison between early and modem rifled 
gfuns. — It is interesting to note that the same principle of sus- 
tained pressure and less rapid action which has obtained in gas 
engines has been applied in parallel lines to the modem rifled 
gun. 

If gunpowder be exploded in a closed vessel and pressure 
gauges be provided to indicate the tension of the gas, we find : 

(i) The same reduction of piessure from the cooling effect of 
the vessel. 

(2) The outline of the pressure curve varies considerably with 
different kinds of powder. 

That is to say, there may be a rapid rise of pressure to a {;reat 
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height, the gas being formed suddenly and brought at once to 
the highest limit of pressure, or the pressure may, as it were, rise 
gradually, and be sustained for some little time at or near its 
greatest value^ which is less in amount than when the rise in 
pressure occupied a shorter period. 

The improvements made in modem artillery have been based 
apon these observations, and a comparison of the old and modern 
systems ¥rill be readily presented to the eye in the form of a 
diagram, where (a) represents the outline of a 25-ton gun as it 
would have been made some 10 or 15 years ago, and (b) is the 
outline of the same 25-ton gun as it is now made, the bore of (a) 
being 12 inches, and that of (b) being 10 inches. 

We are here quoting from a lecture given by Captain Noble at 
the Institution of Civil Engineers in 1884. 



81 TONS 



1180 FEET PER SECOND 




Fig. 2. 

Upon each figure b drawn a pressure curve, the starting-point 
being the base of the projectile before firing, as shown in dotted 
lines, the vertical line indicating pressures, and the horizontal line 
giving the position of the projectile for each pressure. 

There is also a curve of velocities, showing the velocity gene- 
rated in the projectile during each instant of the motion. 
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Taking gun (a), It appears that the pressure rises rapidly to 
31 tons per square inch, and falls along the expansion curre to 
I '6 ton. This is analogous to the explosion of hydrogen in a gas 
engine. 

The velocity generated is 1,180 feet per second. Gun (a) is 
not a breech loader, and on account of the sudden rise of pressure 
it becomes necessary to increase the thickness of the metal enor- 
mously around the powder chamber. 

In gun (b) (which b a breech loader) the pressure rises only 
to 17 tons per square inch, and falls to 5*2 tons, but the rise is 
more gradual, and the intensity is sustained as shown by the 
curve. Also the gun is much longer, whereby the velocity gene- 
rated rises to no less than 2,225 feet per second, which is nearly 
twice its former amount 

Of course the velocity impressed is the important thing aimed 
at, as every student of mechanics will understand ; and here again 
we have an analogy to the modern gas engine, where coal gas is 
selected in preference to hydrogen, and air is mixed to nearly the 
full extent which is practicable in order that the combustion may 
be less rapid and the pressure more sustained. 

It appears that about twenty-five years ago our most powerful 
piece of artillery was a 68-pounder, throwing its projectile with a 
velocity of 1,570 feet per second (Noble), whereas now the weight of 
our guns is increased from 5 tons to 100 tons, and the projectile 
from 68 lbs. to 2,000 lbs., the velocities from 1,600 feet to 
2,000 feet, and the energies from 1,100 foot- tons to 52,000 foot- 
tons (Noble). 

8. The Lenoir engine— A patent for the Lenoir gas engine 
was applied for on February 8, i860. No. 335, byy. H, Johnson^ 
being a communication from abroad by^! J. E. Lenoir^ of Paris. 

The specification stated : — * This invention consists in the 
application and use of an inflammable gas mixed with a proper 
proportion of atmospheric air and ignited inside a cylinder by the 
aid of electricity ; the expansion thereby produced acting upon 
the piston and imparting motion thereto, which motion may be 
transmitted in any convenient and well-known manner to a driving 
shaft' Then it described the arrangement of insulated platinum 
wires, in connection with a battery, and so disposed that an 
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electric spark was produced at the right instant at either end of 
the cylinder, whereby the mixture of gas and air was fired. 

Subsequently the lighting was effected by a jet of gas and a 
slide conveying a small flame of gas into the cylinder. 

A general idea of the arrangement of the working parts wiU 
be obtained from the annexed diagram, where c b is the cylinder 
of the engine, p the piston, p q the piston rod, a r the crank, r q 
the connecting rod, and F the fly wheel 




■ffa 



Fig. 3. 

The actual working of the engine may be understood by com- 
paring together the remaining diagrams. Fig. 4 shows a hori- 
zontal longitudinal section through the axis of the cylinder, and 
also gives a vertical cross section through the cylinder. 

As the cylinder when at work attains a considerable tempera- 
ture, it is surrounded by a water jacket, shown in both sections, 
through which a supply of water is constantly circulating. 

The slide l m regulates the admission of air and gas into the 
cylinder, while the slide M T is concerned only with the exhaust 
of the waste products of combustion. These slides are prised 
against the faces of the cylinder by springs not shown in the 
drawing. 

It will be observed that there is a gas inlet terminating in two 
forked branches r and 5, which lead into gas oriflces marked ^, b. 

There is also an air inlet/, communicating with the space a, 
which would form the exhaust passage in an ordinary steam 
cylinder, but is here applied for supplying air to the cylinder. 
The pipe/ is covered, as shown, by a head or cap 3, which forms 
a sort of gasometer, and retains some gas which would otherwise 
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escape and which is drawn into the cylinder at the next stroke of 
the piston. 

The mode of working the engine is the following ; The piston 
travels a certain distance along the cylinder by reason of its con- 
nection with the crank and fly wheel, and in doing so acts as a 
pump to draw in a charge of air and gas at a pressure equal to 
that of the atmosphere. When the piston has performed' about 
half its stroke, the charge is fired by the electric spark, and the 
stroke is then completed under the pressure of the enclosed gases. 
On the return of the piston the waste products in the cylinder are 
expelled into the open air. 

The patentee states that the slide l m opens the passage n to 
air entering from a, just before / comes into communication ¥rith 
the gas inlet o. Thus air enters first of all, and then comes gas 
and air which 'both enter the cylinder but without becoming 
entirely mixed together, and will exist in the space behind the 
piston in distinct strata.' This is what is said, but it would be 
rather difficult to prove it, and in this treatise no attempt will be 
made to deal with the subject of stratification of the charge, even 
if there be such a thing. The slide now closes the passage n, 
when an electric spark sets fire to the mixture, and the piston is 
driven to the end of its stroke. 

The products of combustion are got rid of by the slide n t 
working over the exhaust passage e. The manner in which this 
is done is precisely the same as in an ordinary steam engine, as 
will be apparent from the drawing, and it is therefore unnecessary 
to describe it. 

Towards the end of the specification we find the following 
passage: — *The object of introducing a supply of air into the 
cylinder before the gas is allowed to enter is to neutralise the 
effect of the carbonic acid gas formed by the combustion of the 
inflammable gas, as the carbonic acid gas without being thus 
neutralised might prevent the ignition of the remainder of the 
inflammable gas.' 

9. Some indicator diagrams taken from an early Lenoir engine 
are to be found in vol. 5 1 of 3rd series, * Journal of the Franklin 
Institute.' One of the curves is set out in the diagram, which, 
however, is imperfect, inasmuch as no scale of pressures is givea 
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The atmospheric line is marked a b, and shows the stroke of 
the piston. The charge is drawn in at the atmospheric pressure, 
but the pressure of the mixture of gas and air Ms to 11 lbs. 
above a vacuum or zero line just before explosion. It then rises 
in a steep, inclined line to 48 lbs., and the rest of the diagram 
tells its own tale. 

It is stated that the crank shaft makes 50 revolutions per 




Fig. 5. 

minute, that the cylinder is 8f inches in diameter, the stroke of 
the piston being 16^ inches, and that engines of this type are sold 
at from ^ to 4 H.P. 

10. The Otto and Langen atmospheric gas engine is 
an engine of which large numbers were at one time made both 
in England and Germany, and which attracted a good deal of 
attention from the undoubted success with which it worked. It 
was the subject of a patent of 1866, No. 434, to C. D. Abel. In 
1875 Mr. Crossley, of Manchester, read a paper before the 
Institution of Mechanical Engineers, wherein he described the 
construction of the engine and the manner in which it operated. 

No doubt there were many valuable points about it, but being 
in truth, as its name implies, an atmospheric engine— that is, an 
engine with an open cylinder in which the piston is driven up by 
the pressure resulting from the explosion of a mixture of gas and 
air, and driven down by the pressure of the atmosphere, it is 
rather difficult, when the principles of the theory of heat have 
received full recognition, to understand how such an engine could 
continue for any length of time to occupy the first place. 

It is rather unsafe to state positively the lines in which 
mechanical improvement will advance, and it happened that Mr. 
Crossley, in the paper referred to, adduced a variety of reasons to 
9bow that engines of the Lenoir type, in which a mixture of gas 
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and air contained in a cylinder delivers its energy after combus- 
tion in driving a piston connected with a crank and fly wheel 




Fig. 6. 



after the manner of an ordinary steam engine, were wrong in 
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principle and could never succeed because the effect is that of a 
blow and is not a sustained pressure. 

Then the argument advanced was that the Otto and Langen 
engine worked on the only true principle, viz. that of sustained 
pressure, and it did so in the following manner. The piston in an 
open cylinder is provided with a piston rod in the form of a rack. 
The piston is raised about -^ of the stroke, and sucks in an 
explosive mixture. The charge is then fired, the engine being 
really a gun which stands vertically with open mouth pointing 
upwards, the explosive compound of gas and air taking the place 
of a charge of powder, while the piston represents the shot The 
piston is free during its ascent— that is, it does not drive any of 
the mechanism of the engine, and the charge is not sufficient to 
force the piston out of the gun, but only to send it close up to the 
open end. 

After explosion a partial vacuum is formed beneath the piston, 
which descends under the superior pressure of the atmosphere, 
the rack on the piston rod being now suddenly caused, by the 
operation of a friction clutch, to impart a sustained driving pressure 
to the fly-wheel shaft. 

It is not the purpose of the writer to describe this engine with 
particularity, but only to give a general idea of its action. 

The diagram shows the piston p, provided with a piston rod 
p R in the form of a rack, and working in the vertical open- 
mouthed cylinder a b, which has a water jacket as shown. 

It should be understood that s is the main shaft of the engine, 
and that although p r is always in gear with a spur wheel t riding 
on the shaft s, yet there is inside that wheel, and not shown in the 
drawing, a friction clutch whereby t runs loose on the shaft s 
during the whole upstroke of the piston, but is locked thereto 
during the whole of the downstroke. In other words, the piston 
\&free during its ascent, but is a working piston during its descent 

In the diagram the piston has been raised through about ^ of 
the stroke, and has sucked in a charge of gas and air which is on 
the point of being fired by the slide l. 

The piston is raised through this space by the lever d h n, 
operated by an eccentric e h on the shaft e which is driven by 
•pur wheels firom the main shaft s. The end n of tlie lever d n. 
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whose fulcrum is at d, actuates a tappet at n upon the rod p Rj 
and leaves p r free to ascend after the explosion. 

On the shaft e is a second eccentric, working the slide l by 
means of the rod shown in the diagram. 

These eccentrics, which are made fast to each other, are 
carried loose upon the shaft e, and are started and stopped as 
required by an arrangement of a ratchet wheel and catch or paul 
not shown in the drawing. A movement of the eccentrics takes 
place when it is wanted, and not otherwise. 

Outside the slide a small gas jet is kept burning, by means of 
which gas fed into a chamber in the valve is ignited, and at the 
right moment the opening of the chamber to the outside is cut off, 
and the flame therein is brought opposite the entrance to the 
cylinder and explodes the charge. 

The piston being then driven to the top of its stroke, and the 
wheel T being, during this time, in effect an idle wheel, it will be 
found that the products formed within the cylinder by the burning 
of the gas rapidly fall in pressure. 




Fig. 7. 

1 1. The action within the cylinder will be made clear by an 
mdicator diagram, which shows a sudden upward jump of the 
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pencil at the instant of explosion, and then a series of oscillations, 
given in dotted lines, from which the mean curve of pressure, viz. 
DE, is deduced. It thus appears that the pressure within the 
cylinder falls to 11 lbs. per square inch below the atmosphere 
when the piston reaches the top of its stroke, and that the driving 
pressure in the return or working stroke, as recorded by e l, varies 
from 1 1 lbs. per square inch below the atmosphere to the atmo- 
spheric pressure itself at about ^ of the stroke, as shown by the 
position of l. It averages 9 lbs. during the time of action, and 
on the whole there is a mean of about 7 lbs. per square inch effec- 
tive pressure during the period when the piston rack is driving 
the mechanism. 

It is admitted that engines of this type are necessarily limited 
to a small power, and Mr. Crossley stated that no attempt had 
been made to increase their size beyond that of a 3-horse- power 
engine. 

12. The Otto gas engine. — We have now to describe the 
Otto engine, as made by Crossley Brothers, which has established 
the efficiency and economy of gas engines. 

This invention was the subject of a patent granted in 1876, 
No. 2,081, to C. D, Abel for 'improvements in gas motor engines' 
(a communication from abroad by N, A, Otto), 

The specification states that in gas engines, as previously con- 
structed, an explosive mixture of combustible gas and air was 
introduced into the cylinder and ignited, whereby there resulted 
a sudden expansion of the gases, and a development of heat, a 
great portion of which was lost by absorption. According to the 
present invention, a combustible mixture of gas or petroleum 
vapour and air is introduced into the cylinder, together with air in 
such a manner that the particles of the combustible mixture are 
more or less dispersed in an isolated condition in the air, so that, 
on ignition, instead of an explosion ensuing, the flame will be 
communicated gradually from one combustible particle to another, 
thereby effecting a gradual development of heat, and a corre- 
sponding gradual expansion of the gases. 

A drawing showed the cylinder and piston in section, together 
with a slide for the admission of gas and air. The piston on moving 
outwards from the bottom of the cylinder drew in air for a certain 
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space. It then moved an additional space and drew in com* 
bustible gas and air. The whole contents of the cylinder were at 
atmospheric pressure as in the Lenoir engine. The charge was 
then fired by the action of a small external gas flame, and the 
piston was driven to the end of its stroke. On the return of the 
piston the products of combustion were expelled into the atmo- 
sphere and the operation was repeated as before. 

Then the patentee observes that, by this mode of operating, 
any shock which would result from sudden explosion is avoided, 
partly through the dispersion of the combustible charge, and 
partly because the first admitted charge of air which does not be- 
come completely mixed with the combustible charge acts as a 
cushion between this and the piston, and owing to the gradual 
development of heat and expansion of the gases there is compara- 
tively little loss of useful effect 

Engines operating in this manner might be single acting, the 
return stroke being effected by the momentum of the flywheel, or 
they might be double acting, a charge being introduced at each 
end of the cylinder. 

If the invention had remained at this stage it is probable that 
it would have attracted little attention, but the specification goes 
on to describe another and a different mode of working the 
engine which is of the highest possible value, and which forms, as 
the writer thinks, the real improvement disclosed in the specifica- 
tion. After a statement that the engine might operate with the 
gases at atmospheric pressure or compressed in any desired degree, 
there follows a description and drawing substantially the same as 
that annexed. 

In this case the piston does not come close up to the cylinder- 
cover on its return after ignition, as in the engine first referred to, 
but a considerable space is left at the end of the cylinder which 
becomes filled with the residue of the products of combustion at 
about atmospheric pressure. As soon as the piston begins its 
forward, stroke, air is drawn in, and afterwards gas and air. On 
the return of the piston the whole contents of the cylinder are 
compressed into the space at tJu end^ and the charge is then fired. 
The expansion drives the piston to the other end of the cylinder, 
then follows the exhaust, and the cycle of operations is repeated* 
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Referring to the drawing, the piston p is connected with a 
crank shaft, and the space between the dotted lines a^ d^ is the 
length of stroke. 

c is a passage for the entrance of the charge, while ^ is an 
exhaust passage, leading in another direction, for the escape of the 
waste products of combustion, ca is a considerable space pr 




Fig. 8. 

clearance which is filled with the products of combustion at about 
atmospheric pressure when we commence to trace the working of 
the engine. The piston is driven by the fly wheel except during 
that particular stroke when there is explosion, and we propose to 
trace the operation of four strokes. 

(i) As the piston travels from a to the position marked by the 
dotted line 3, air is drawn in, then follows a mixed charge of gas 
and air till the piston arrives at d. 

(2) As the piston returns from d\.oa the charge is compressed 
into the space c a, and may attain a pressure of (say) 40 lbs. on the 
square inch. 

(3) The charge is fired by a gas flame and drives the piston 
from a to d, 

(4) The piston returns from d to a, and expels part of the pro- 
ducts of combustion through e, leaving the space c a filled with 
the residue at about atmospheric pressure. 

The cycle of four strokes is then repeated, the piston being 
driven onwards always at the third stroke. 

The question arises, what is the new principle, or new idea, 
here developed ? No doubt it consists in the peculiar cycle of 
operations. Up to this time gas engines were worked by drawing 
in the charge during the first portion of a stroke and then firing 

y 
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it. Now, for the first time, the charge was drawn in at the first 
stroke, it was compressed at the second stroke, it was fired at the 
third stroke, and the residue was expelled at the fourth stroke. 

This method of working was new and original, but it was also 
founded on true mechanical principles, and formed an excellent 
illustration of a useful application of the law of inertia of matter. 
Suppose we have a small heavy wheel mounted on bearings witFt 
its axis horizontal. It will be easy to keep it revolving by a series 
of pushes or impulses with the open hand. In doing so, as the 
wheel revolves faster and faster, each impulse may recur at longer 
intervals, and the speed of rotation may nevertheless continue to 
be nearly uniform. 

So with the gas engine. The fly wheel of a small engine 
makes (perhaps) i8o revolutions per minute, at which speed the 
impulse of the burning gas may be given at intervals, but the 
rotation of the fly wheel may continue to be nearly uniform. We 
rely upon the inertia of matter to help us. 

13. But not only is the mode of working practicable when look- 
ing at the question from a mechanical point of view, but there is also 
the direct and positive gain of dealing with a charge of compressed 
gas and air instead of a mixture at or about the atmospheric pres- 
sure. The engine acts as its own compressing pump. To start 
at the instant of explosion with the compressed contents of a whole 
cylinder full of gas and air instead of the uncompressed contents 
of half a cylinder, is an advantage pretty evident to ordinary 
apprehension, and which may be made more clear by calcu- 
lation. 

Then also it is claimed that the residue of unburnt products 
remaining in the cylinder will act as a cushion to moderate the 
effect of the explosion upon the working piston. 

14. Having described in general terms the Otto engine as speci- 
fied, we pass on to give a particular account, with diagrams, of 
an Otto engine of half horse-power, recently furnished by Messrs. 
Crossley to the Normal School of Science as an example of the 
type of engine which they recommend at the present time. 

It will be convenient to commence with an explanation of 
the method of charging the cylinder with gas and air, then to 
discuss the arrangement for fixing the charge, as well as the 
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method of getting rid of the waste products. Finally, the com- 
parative position of the slide and piston will be shown, the action 
of the governor will be explained, and a general view of the engine 
will conclude this notice. 

15. Charging: with gas and air.— As in the gas engine 
last described, a slide is employed for charging the cylinder and 
also for conveying a iiame to the charge. Such a slide is a flat 
plate of metal, having certain passages, straight or curved, which 
are so different from anything seen in a steam engine, that con- 
siderable attention is necessary before the action of the slide will 
be understood. 

The annexed diagram shows a horizontal section through the 
cylinder with the piston p at the end of the stroke. The space 
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Fig. 9. 

c p is that portion of one end of the cylinder in which the charge 
is compressed and corresponds to c a in fig. 8. There is also a 
horizontal side passage terminating in a valve v, which leads to 
an exhaust pipe through which the waste products are dis- 
charged. 

At the end, c, of the cylinder are three plates, the first marked 
inner cover as being nearest to the cylinder, the second being the 
slide itself, and the third being the outer cover. These plates are 
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shown separately in a perspective view, in order that the student 
may form a better idea of their appearance. 

The slide is faced on both sides and moves to and fro between 
the fixed covers, being operated by an eccentric as in a steam 
engine, but with this important difference, that the slide moves 
cnce to and fro while the crank shaft makes two complete revolu- 
tions. In other words, the slide makes two strokes while the 
piston makes four strokes. 

The general arrangement of the working parts being thus 
made apparent, we have to point out that the slide has to fulfil 
two functions, viz. (i) the charging, (2) the lighting, and since it 
is arranged that one-half of the slide is concerned in the first 
operation, and the other half in the second, it becomes convenient 
to discuss each operation separately. 

We refer now to fig. xo, which shows the slide and its covers 
fitted together, and fig. 1 1 gives other views in which each cover is 
placed at an angle to that face of the slide with which it is usually 
in contact, the object being to indicate the various openings and 
passages made in and through the slide and covers. 
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Fig. 10. 

It appears that there are three principal openings in the inner 
cover, viz. (i) the gas inlet b, (2) the air inlet d, (3) the port 
opening to the cylinder, marked c ; and inasmuch as it is necessary 
to charge the cylinder with both gas and air, it is obvious that 
passages must be contrived for conveying gas from b to c, and air 
from D to c 

We pass on to the sectional drawings, but the student should 
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of the admission that the charge becomes richer in gas, the object 
no doubt being to obtain a more combustible mixture at that end 
of the cylinder where the combustion flame enters. 

In the annexed diagram three positions of the slide are given. 

In (3) the slide is moving to the right and is about to open 
simultaneously both d and r to c. 

In {4) the perforations e have come opposite the chamber r, 
also D is fully open to c, and the result is that gas and air are 
both drawn into the cylinder. 
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Fig. 13. 

In (5) the slide now moves to the left, whereby the passage d 
becomes contracted, while e remains fully open. Hence the 
supply of air falls off, and the last mixture drawn into the cylinder 
becomes richer in gas, and therefore better adapted for accepting 
and carrying on the flame of ignition which lights the charge. 

16. Firing the charge. — We proceed to describe the 
method of firing the charge in the cylinder, and refer to fig. 14, 
which gives a vertical transverse section through the slide and 
covers, and should be compared with the complete drawing in 
fig. II. 

The chimney m is shown in section, and at the base thereof is 
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a small jet of gas j, kept constantly burning, and called the sUdt 
light. 

The slide is at one end of its stroke, and has the forked 
passage f in such a position that the lower branch of the fork is 
opposite to the air passage h, and the upper branch communicates 
with the base of the chimney. 

It is to be noted that the single opening f, in which the forked 
passage terminates, is on a level with c, the opening into the 
cylinder. 

On the side of the outer cover is a passage marked f^ the 

general arrangement of which is better seen in fig. ii. This 

passage is freely open to a supply of gas passing along a pipe 

y^ marked ^ gas inlet^ the object being to 

keep ff filled with gas, and ready to 

supply the chamber f, so as to support 

a fiame of gas burning therein. 

The passage marked aagg^ formed 
by the meeting of two cylindrical passages 
^^iggi performs a double office, as will 
be explained hereafter. At present we 
regard it as allowing gas to pass freely 
from the gas inlet / to the interior of th€ 
chamber f. 

The gas, on entering f, is earned by 
the draught of the chimney to the lighted 
flame, or slide light j, and begins to bum, 
air being constantly supplied from below 
at H, whereby the chamber F b filled 
with the flame of lighted gas. 

The gas, filling f, is readily lighted when the slide is in the 
|)osition shown, and the object will be to keep the flame alight. 
In order to do so it will be necessary to supply f with both gas 
and air up to the last moment before the ignition of the charge. 

The annexed diagrams, marked (2) (3) (4), are horizontal sec- 
tions through the slide and covers, taken on the level of the lowei 
edge of the opening c 

In (2) the cylinder is receiving its charge, while F is becoming 
filled with the flame of burning gas. 
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It is particularly important to note the position of the passage 
a a with reference to the passage //. Both these passages are 
shown by dotted lines, because they do not appear in the section, 
by reason of their lying on a different level, but they play their 
part notwithstanding. 

Also (2) shows that aa'\^ open to//, which means that gas is 
entering f freely. 

In (3) a a has just passed beyond//^ at which time no more gas 
can enter f, and the flame within that chamber would soon die 
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out ; it will, however, keep burning during the brief interval 
occupied in carrying f across the space marked by the dotted 
lines rr and hhy after which f opens to c and the charge takes 
fire. 
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In (4) the passage f is fully open to c, and the slide is at the 
end of its motion towards the left-hand side of the diagram. 

The diagrams (5) and (6) serve to explain a matter of con- 
siderable importance. 

On turning back to fig. 11 the student will observe a small 
hole or perforation in the inner cover marked w, and the question 
would be asked, what is the object of this perforation? Upon 
careful examination it appears that the opening m is continued 
through the cover and leads direct into the cylinder. It, there- 
fore, forms a small aperture into the cylinder, and is ordinarily 
closed by the face of the slide. 

But »i is on a level with a a^ and in one position of the slide 
it will lead directly from the interior of the cylinder xoaa. 
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(5) shows an elevation of the inner cover, and (6) is a sectional 
drawing corresponding to (3). 

In the state of things shown in (5) and (6) the passage m is 
just on the point of opening into a a, and it will do so before the 
edge of F passes the edge of c 

At this time the burning mixture of gas and air in f is at the 
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pressure of the atmosphere, while the charge in the cylinder is 
probably at about 40 lbs. pressure. It follows that if f were 
opened directly to c the sudden pressure of the gases in the 
cylinder would drive the flame bade from the opening, and the 
lighting of the charge might fail 

But, according to the arrangement under discussion, m opens 
to a a before f opens to c, and as a consequence thereof the 
pressure of the contents of f is brought up to 40 lbs. by the 
entrance of gas and air from the cylinder, first through the 
passage m into aa^ and then through ^^ into f. The result is 
that at the instant when the full opening is made from f into c 
there is an equilibrium of pressure in both f and c, and the 
lighting of the charge is safely carried out. 

17. The exhaust. — It has been explained that upon each 
alternate return stroke of the piston an exhaust valve is opened 
which allows the greater part of the waste products to escape into 
the atmosphere, but leaves a residue in the end of the cylinder. 
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Fig. 17. 

An exhaust valve, marked v, is indicated in fig. 9, and we 
have now to describe its operation and the method of working it 
It will be remembered that the exhaust takes place through a 
branch passage leading out at right angles to the axis of the 
cylinder. 

The annexed drawings show two vertical sections through the 
valve v, that on the right being parallel to the axis of the cylinder, 
and the other being transverse to it 
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The valve y has a spindle y b provided with a collar at b, 
which is attached to the spindle by means of a pin« A spring s 
abuts against b at one end, and against the valve casing at the 
other end, and retains the valve closed except when b is lifted by 
external pressure. 

In order to lift the valve a cam p, keyed upon the shaft x, 
depresses the end d of a bell crank lever d a h, and thereby raises 
the end h of the arm a h. As soon as the cam p has passed 
under the roller d the elasticity of the spring comes into play, and 
the valve is closed, as shown in the sketch. 

i8. Regulator for supply of gas.— The pendulum governor 
of Watt is applied to the regulation of the engine, but its action 
is different from that in a steam engine, inasmuch as its function 
is not to control the rate of supply of gas by opening a valve in a 
greater or less degree, but simply to determine whether the cylin- 
der shall receive a fresh charge, or whether for one or more com- 
plete double revolutions of the fly wheel the charge of gas shall be 
entirely cut off. 

The drawing is taken from an end view of the engine, showing 
the slide in position as worked by a slide rod attached to a crank 
pin E at the end of a revolving shaft The gas supply comes 
through a pipe on the right hand, provided with a stopcock, and 
having a valve v, closed by a spring, which controls the admission 
into the cylinder. The governor balls act upon a sleeve connected 
with the short arm of the lever a c d, whose fulcrum is at c, and 
which is provided with a vertical rod dt, hinged at d, and carrying 
a projecting piece marked t. On the slide is another projection, 
marked s, and when s and t are opposite each other it is apparent 
that a sufficient movement of the slide to the right hand will cause 
s to strike against t, and to push it to the right, thereby opening 
the valve v, and allowing the charge of gas to enter the slide, and 
so to pass on to the cylinder. 

When the engine is at full work this would happen at every 
alternate forward stroke of the piston, and if the speed is accele- 
rated, so that the balls rise higher, the end a of the lever a CD 
rises also, whereby t is depressed below s, and no gas is admitted 
into the cylinder. 

When the rate of revolution of the balls returns to the norma] 
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state, it is apparent that t will come opposite to s, and that a 
mixed charge of gas and air will again be drawn into the cylinder. 

If T were allowed to rise above s, there is nothing to bring it 
down again, and the engine would stop. 

The cone on the top of the governor is a load which rests on 
a shoulder upon the spindle. The slowest working-rate of the 
engine would just suffice to bring the sleeve in contact with the 
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Fig. 1 8. 

base of the cone, in which case the stop s would be exactly 
opposite to T. 

If the balls tended to open still further, they could only do so 
by raising the heavy cone, and it follows that a considerable rate 
of increase in the speed of the engine will be necessary before t 
can be lowered sufficiently to fall below s, or before the supply of 
gas is cut off. 

There are thus two rates of speed between which the engine 
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can work in the usual manner. If the highest limit be exceeded, 
the cone is raised and the gas cut off, which soon brings down the 
rate, whereupon the supply of gas is automatically renewed. But 
there is no automatic recovery at any speed below the lower limit, 
or the engine will not work at less than a definite rate determined 
beforehand by the position of the governor balls. 

19. Working of the engine.— The annexed diagram takei; 
from the gas engine under consideration is intended to show the 
positions of the piston and crank at certain periods of the working, 
and at the same time to record the corresponding positions of the 
slide. 

Taking the diagrams in regular order, we find in (i) that the 
slide is just about to admit the mixed charge of gas and air into 
the cylinder, the piston being near the end of its stroke, and the 
crank about to pass a dead point. This state of things is marked 
charging begins. 

In (2), the crank is pioceeding onwards, the charging is in 
full operation, and the slide b admitting the charge of gas and air 
freely into the cylinder. 

In (3), the crank has passed the dead centre and the piston is 
beginning to return, whereupon the slide diagram shows that the 
end of the cylinder is closed and that compression has begun. At 
the same time the slide is beginning to assume the position neces- 
sary for firing the charges. 

In (4), the slide has arrived at the point of its stroke where 
firing begins, and it will be seen that the piston is just approach- 
ing the final limit of its movement towards the left hand, the 
space into which the compressed charge of gas and air is forced 
just before the instant of firing being indicated by the hollow 
spaces under the word compression. 

In (5), the mouth of the cylinder is again closed and the charge 
pent up becomes expanded and heated so as to urge the piston 
onwards and cause it to complete the working stroke. When the 
piston arrives at the position shown in the sketch, the exhaust valve 
commences to open, as may be clearly seen by inspecting the 
indicator diagram given in a subsequent article. 

20. Plan view of the Otto engine.— The annexed full- 
page diagram presents a general view of the complete engine now 
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under examination, which is technically an engine of \ H.P., and 
which may, as stated in a circular by the makers, be enlarged up 




to 12 H.P. Twin cylinder engines of the same type are also 
furnished which indicate 40 H.P, 



Otto Engine. 337 

We are now referring to a plan view of the engine, which showj 
a horizontal cylinder attached to a framing and having a crank 
and connecting rod together with a crank shaft and fly wheel 
arranged as indicated. 

It appears from the previous drawings that the piston is a 
hollow trunk having guides of some length, and linked to the 
crank by a connecting rod as in an ordinary trunk engine. 

The crank shaft carries a driving wheel marked (i) gearing 
with another bevel wheel marked (2) having double the number ol 
teeth. This latter wheel is keyed to a shaft for working the slide, 
the object being to reduce the motion of the slide relatively to 
that of the piston and to cause the slide to make only two strokes 
while the piston makes four strokes. This reduction of motion is 
a fundamental characteristic of the Otto engine. 

The slide is actuated by a slide rod shown in the diagram, one 
end of the rod being attached to a pin, placed eccentrically on the 
end of the driving shaft. 

The position of the exhaust valve is also marked, as well as 
the position of the governor, and the mechanism for operating 
the exhaust valve is indicated. There is a lubricator, having a 
mechanical feed for distributing oil to the slide and working parts. 
The lubricator is kept working by a small strap running upon the 
shaft used for working the slide, and there is a gaspipe shown for 
admitting a supply of gas to the slide and cylinder ; a pipe for 
circulating water would appear in the drawing, but this, togethet 
with other minor fittings, has been omitted in pursuance of the 
intention to give a general conception of the arrangements and 
principal working parts of the engine. 

21. Indicator diagram of the Otto engine. — The draw- 
ing is a copy of an indicator diagram taken from the engine 
already described. 

The atmospheric line, which is also the line of volumes, is 
marked cb, and it is apparent that the volume of the clearance is 
represented approximately by the distance between the vertical 
line marked ignition and the line of pressures CD. The hori- 
zontal full line therefore represents the stroke of the piston, which 
s 9 inches. 

The charp^e of f^as and air is drawn in at atmospheric pressure 
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by the forward stroke of the piston ; it is then compressed to about 
35 lbs. above the atmosphere, as shown by the line be. At this 
point ignition takes place, whereby the pressure is carried up to 
150 lbs*, the behaviour of the gases during expansion being shown 
by the line marked expansicn^ the rapid slope at the end indicating 
that the exhaust valve has begun to open. 




Fig. 21. 

Then comes the exhaust at atmospheric pressure, whereby the 
indicator pencil runs along the horizontal line and returns again, 
retaking in a fresh charge as shown by the arrow vertically under 
the point e. 

While this card was being taken the fly wheel was making 180 
revolutions per minute, and the length of stroke of the piston being, 
as stated, equal to 9 inches, and the diameter of the cylinder 
being 4^ inches, it is easy to calculate the indicated horse-power 
from the diagram. 

This has been done, and it appears that the mean effective 
pressure on the piston=6o-975 lbs. 

Hence LH.R =^^'975Xf(4)'xAx^^, 3 

33»ooo 
=2 H.P. very nearly. 

22. Fittings of the engine.— There are certain fittings 
which we proceed to describe by reference to the engine of J H.P. 
Taking, first, the supply of gas, it will be found that precautions 
are necessary in order to prevent the disturbance produced by 
successive explosions from extinguishing or making unsteady other 
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lights in the building which are fed from the same pipe as that 
which supplies the engine when at work. 

For this purpose the gas passes through a regulator valve and 
a gas bag before it reaches the engine. If it be desired to measure 
the quantity of gas consumed, a meter may be placed between the 
main pipe and the regulating valve. A |-inch pipe will suffice 
for the engine, and a small pipe with two branches may feed the 
slide light and the passage marked gas inlet in fig. 1 1, the function 
of the latter inlet being to supply //with gas. 

Another fitting is an air valve, which is a cylindrical box, open 
at the base, 7 inches in diameter and 8 inches long, terminating 
in a neck leading to the air inlet in the inner cover marked d 
in the drawings. The cylinder is divided by five transverse plates 
having i^-inch holes alternately in the top and bottom of each 
plate. 

There is also the exhaust pipe, which is i^ inches in diameter, 
and passes first into a strong cast-iron cylinder 5^ inches in 
diameter and 16 inches long, after which it leads on to a cylindrical 
box 10 inches in diameter and 14 inches deep, filled with beads 
or small pebbles, whereby the noise caused by the escaping gases is 
reduced as much as possible. The jacket surrounding the cylinder 
must be supplied with circulating water, which is here provided 
by a f-inch pipe and regulating tap, the escape pipe being the 
same size as that for the supply. 

The starting of the engine is a simple matter. The sleeve of 
the governor is raised and supported by a catch, the object being to 
bring t opposite to s* in order that the cylinder may take in a 
charge of gas together with air. The gas is turned fully on, the 
slide light is set burning, and three or four rapid turns are given 
to the fly wheel, which are generally enough to commence an 
action in the cylinder and to start the enf;;ine. 
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QUESTIONS AND EXAMPLES, CHIEFLY NUMERICAL, TAKEN FROM 
THE SCIENCE AND ART EXAMINATION PAPERS. 

1. A Steam engine at the mouth of a coal pit is employed in com- 

pressing air to a density of four atmospheres, this compressed 
air at once acquires a high tempe-ature, and for convenience is 
cooled with water down to 60® ; it is then conveyed in a pipe to 
the bottom of a pit and along one quarter of a mile horizontally, 
where it is set to work an engine similar to the ordinary non- 
condensing engine ; the air wher liberated produces a freezing 
atmosphere all round Will you explain the above by referring 
to natural laws ? (Science Exam. 1869). 

2. What are the chief constituents of coal, and their average relative 

proportions, for which the engineer has to provide in the con- 
struction of furnaces ? Draw a comparison between what the 
engineer has to do, as compared vith the gas-maker, in the using 
ofcoaL (1869.) 

3. What is meant by capacity for heat ? The capacity for heat of 

mercury is '033 ; how much, at the temperature of 240% will be 
sufficient to raise 12 lbs. of water from 50® to 58°? (1867.) 

4. Define the duty of a steam engine. What is the duty of an engine 

which bums 2*2 lbs. of coal per indicated horse-power per hour? 

(1874.) 

5. How has the work done in raising the temperature of a pound of 

water through one degree been ascertained ? A pound of coal 
gives out during combustion 12,000 units of heat ; how much 
work in foot-pounds could be done by burning a pound of coal 
if there were no waste ? (1873.) 

6. If steam were admitted into a cylinder at a pressure of 15 lbs. and 

a temperature 212® F., and were expanded to a temperature of 



Appendix. 341 

roo® F., what is the greatest amount of work which could be done 
according to theory ? Prove the formula. (1878.) 

7. An air engine takes in heat at a temperature of 300® F., and gives 

out heat at a temperature of 50° F. ; find theoretically the amount 
of work which it could do if certain conditions were capable of 
being realized. State these conditions, and draw the indicator 
diagram of the engine. {}^n^ 

8. A steam engine of the beam order of construction, having the 

steam cylinder at one end of the beam and a lifting pump at the 
other end, th& pump being 24 inches in diameter, is employed in 
pumping water from a dock to a height of 50 feet, the performance 
of this duty requiring the whole power of the engine. Circum- 
stances have arisen that require the engine to raise water 200 
feet, and a smaller pump has been placed in the centre between 
the fulcrum of the beam and the original pump, so arranged 
that either pump may be used as required ; what should be the 
size of the new pump so as to make available the full power of 
the engine? (1872.) 

9. Water has to be raised from a mine at two different levels, namely, 

fifty and eighty fathoms ; from the former thirty cubic feet, and 
from the latter fifteen cubic feet per nunute. What power of 
steam machinery will be required, assuming the modulus of the 
plant to be i*5 ? (1872. 

10. Obtain a formula for determining the weight of water which must 

be mixed with a given weight of steam, in order that the mixture 
may be reduced to water of a given temperature. What weight 
of water at 60° F. must be mixed with 20 lbs. of steam, at atmo- 
spheric pressure, in order to produce water at 120® F. ? (1868.) 
The formula is obtained as follows :— 

Let X lbs. of steam at a temperature / be injected into y lbs. of 
water at a temperature f^ and let the resulting temperature of the 
condensed steam and water be t. Also let H be the number of units 
of heat in steam at a temperature /, reckoning from zero of the 
Fahrenheit scale. 

Then the steam loses jt (H— T) units of heat, and the water gains 
y(T-f) units of heat 

.•. r(H-T)=^(T-/0• 
Ex. Herc^«2o,/-2i2,T-i20, H-II78-6, /'-60, 
,\y (120-60) « 20 (1058*6). .•.j'-352*87lbs. 

11, Describe the arrangement of the condenser and air-pump of a 

condensing engine, and the valves connected therewith. The 
temperature of the iniection-water is 6o^ the steam enters the 
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condenser at a temperature of 212^; the water pumped out of 
the condenser is at a temperature of iio^; what weight of 
injection-water must be supplied for each pound of steam 
which enters the condenser ? (The latent heat of steam at 
2 1 2** is 966-6.) (1870.) 

12. How much water should you allow for the condensation of each 

cubic foot of steam at 212® during the working of an engine ? 
What quantity of water is required to obtain one cubic foot of 
steam at 212°? (1876.) 

13. A pound of steam at 212^ F. is passed into 20 lbs. of water at 70® 

F.^ what is the temperature of the water at the close of the 
operation ? (1878.) 

r4. If a pound of water at 212° be mixed with x pounds of water at 
60°, what is the value of x when the resulting temperature is 100®? 
' Again, if a pound of steam at 212^ be mixed with j/ pounds of 
water at 60®, find y when the resulting temperature is 100®. 
Account for the difference between x and^. (1876.) 

15. A jet of steam at 210^ F. is passed into an open beaker containing 

a strong solution of a salt (say nitrate of soda) in water. The 
solution presently boils ; its temperature is then tested by a ther- 
mometer, and found to be several degrees above the temperature 
of the steam which heated it. Account for this fact. (1874.) 

16. The degree of saltness of the water entering the boiler is read 

off as 5^, and that of the water in the boiler is kept at ^ ; the 
temperature of the feed- water is 100®, and that of the water in 
the boiler is 248^ ; what percentage of the total heat given to 
the boiler is wasted by blowing off? (The total heat of steam 
at 248** is 1 1 89-4.) (187a) 

17. Describe the safety valve. If a circular inch be allowed on the 

area of a safety valve for every 20 square feet of heating surface, 
what must be the diameter of a valve for a boiler whose heating 
surface is 1,200 square feet ? (1868.) 

18. The steam cylinder of a trunk engine is 60 inches in diameter, and 

the trunk is 24 inches in diameter. What is the diameter of an 
ordinary steam cylinder of the same effective area ? (1872.) 

19. A safety-valve has an area of 5 square inches, and is intended to 

open when the steam has a pressure of 60 lbs. per square inch. 
Make a pen-and-ink sketch of such a safety-valve, use a lever to 
hold it down, place a weight on the end of the lever in the 
proper position, give the length of the lever from the fulcrum to 
the centre of valve, and to the centre of the weight ; give the 
weight in pounds. Work the question out in arithmetic (187a) 
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2a The area of a piston 15 4,476 square inches, and the diameter of 
the piston rod is |th that of the piston : find it (1868.) 

21. The crank of a steam engine is 2 feet long, and the mean tangential 

force acting upon it is 1 7,000 lbs. What is the mean pressure of the 
steam upon the piston of the engine during each stroke ? (1876.) 

22. Show, with a sketch, the method of fitting a safety-valve to a loco- 

motive boiler. The safety-valve is 5 inches in diameter, and the 
bearing faces are inclined at 45** to the axis of the valve. What 
should be the lift, in order that the available opening for the 
escape of steam may be ^ of a square inch ? (187a) 

23. The stroke of the piston of an engine is 24 inches^ and the dia 

meter of the driving wheel is 8 feet ; what is the mean velocity 
of the piston when the engine is running at 40 miles an hour ? 

(1872.) 

24. The safety-valve on the boiler of a locomotive is held down by 

a lever and spring; sketch the arrangement A safety-valve^ 
4 inches in diameter, is constructed so that each pound of 
additional pressure per square inch on the valve corresponds to 
I lb. pressure on the spring. What are the relative distances of 
the spring and valve from the fulcrum of the lever ? After the 
valve is set, how much additional pressure per square inch will 
be necessary in order to lift it ^th of an inch, the spring 
requiring 10 lbs. to extend it i inch ? 1871.) 

25. Tn a direct-acting horizontal engine the lengths of the crank and 

connecting rod are i and 5 feet respectively. How far is the 
piston from the middle of its stroke when the crank is ver* 
tical? (1875.) 

26. A surface condenser consists of 1,000 brass tubes each, 6 feet long, 

and } inch outside diameter. What amount of cooling surface 
does this give ? Supposing that such a surface condenser is to 
be fitted to an engine, what pumps, valves, &Cy would be re- 
quired? ks^ii^ 

27. A safety-valve is 2} inches diameter on the steam side, the lever is 

l^\ inches long, and the distance from the fulcrum to the valve 
is 3^ inches. What weight should be hung at the end of the 
lever in order that the steam may blow off at 30 lbs. pressure ? 

(1875.) 
18. Explain the importance of balancing the cranks in a locomotive 
engine. The leading wheel of an engine is 3^ feet in diameter ; 
what would be the pull on the centre of the wheel caused by an 
unbalanced weight of 9 lbs. upon the rim when the engine was 
running at 50 miles an hour ? Ci87a) 
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29. In the old-fashioned wagon boiler a verticJ open tube, called a 
stand-pipe, passed through the shell of the boiler, and dipped 
below the surface of the water inside. If the steam pressure in- 
side the boiler were 4 lbs. per square inch, at what height would 
the water stand in the pipe ? (1870.) 

>o. A cylindrical boiler, with flat ends, is 30 feet long, 6 feet in 
diameter, and has two internal flues, each i\ feet in diameter. 
The pressure of the steam in the boiler is 40 lbs. on the inch ; 
what is the whole pressure on the internal surface, in tons ? 
How is the strength of a cylindrical boiler related to its dia- 
meter, the material being unchanged ? (1S70.) 

31. In a direct-acting engine the diameter of the cylinder is 17 inches, 

and the mean pressure of the steam is 60 lbs., the crank being 
12 inches long : what is the mean pressure on the crank in the 
direction of its motion ? (1S78.) 

32. Taking a direct-acting engine, and disregarding the effect of 

obliquity of the connecting rod, you are required to assign the 
proportion of lap to the travel of the slide valve, in order to cut 
off steam at f of the stroke. (1878.) 

33. Give a description of the reverse-valve. If kept in its place by a 

weight of brass, what must be its thickness that it may be opened 
when the pressure of steam within the boiler is 1} lbs. below the 
atmosphere ? The weight of a cubic foot of brass is 525 lbs. 

(1868.) 

34. The mean steam pressure on a piston being 26 lbs. above the 

atmosphere, and the mean vacuum pressure 13*5 lbs., what is the 
force exerted on a piston of 63 inches in diameter, and what 
would have been the force if the engine had worked without 
condensation of steam ? (1866.) 

35. The crank of an engine is 3 feet 6 inches, and the connecting rod 

9 feet long. Find the angle which the crank will make with 
the vertical when the engine is at half-stroko. (1866.) 

36. The pressure of steam upon a piston is 40 lbs. per square inch, the 

resistance from imperfect condensation is 3 lbs. per square inch, 
the length of stroke is 10 feet, and the steam is cut off at } of the 
stroke. Calculate the number of units of work done upon each 
square inch of the piston, and give the numerical result (log. 5 
being 1*60944). Find also the load per square inch, and the 
position of the piston when the velocity is greatest (1876.) 

17. Describe an equilibnum valve. The upper side of an equilibrium 
valve is 9 inches in diameter, and the lower side 8 inches ; find 
the power necessary to lift it when the pressure of steam is 16 
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lbs. above that of the atmosphere if the space between the upper 
and lower valves be a vacuum. (1867.) 

38. What is a circular inch ? A safety valve 7 inches in diameter is 

loaded to 6 lbs. on the square inch : what would be the load on 
each circular inch ? (1867.) 

39. Describe and explain some form of equilibrium valve. The dia- 

meter of a steam pipe is 12^ inches, the upper and lower discs of 
an equilibrium valve being 12 and 10^ inches in diameter 
respectively ; what will be the lift of the valve when the pipe is 
fully open ? (1869.) 

4a Draw a section of a safety valve, loaded directly, and without a 
lever. The diameter of the valve being 4 inches, what should be 
the total load for blowing off steam at 75 lbs. actual pressure. 

(1877.) 

41. Assume that the beam of a steam engine weighs 5 tons, the pis- 

ton and piston rod i ton, the connecting rod 2 tons, and that the 
radius of the beam is \i\ feet, that the length of stroke is 5 feet, 
and that the engine makes 30 revolutions per minute. The 
question is : What expenditure of mechanical power has to be 
incurred in overcoming the inertia of those parts due to the re- 
ciprocation and changing from rest to motion and from motion 
to rest? (1873.) 

42. The initial pressure of steam in a cylinder, whose stroke is 5 feet 

4 inches, is 45 lbs., and expansion commences when 2 feet 
3 inches have been performed ; find the pressure at the end of the 
stroke. Find also the horse-power, if the area of the cylinder is 
2,218 square inches, and the number of strokes per minute 3a 

(1868.) 

43. Describe a condenser gauge of an engine. The mean pressure on 

a piston being 12 lbs. above that of the atmosphere, and the 
mean vacuum pressure 13 lbs., what is the force exerted on a 
piston of 58 inches diameter, and what would have been the force 
had the engine worked without condensation of steam ? (1868.) 

44. Show how to find the work done by a crank. What force applied 

to the extremity of a crank at right angles to it will do the same 
work as a mean pressure of 4 tons acting on a piston throughout 
the up and down stroke ? (1868.) 

45. The cylinder of an engine is 74 inches in diameter, and the stroke 

is ^\ feet ; what is the capacity of the cylinder ? How many 
poimds of water must be evaporated in order to fill such a 
cylinder with steam at an actual pressure of 15 lbs., it being given 
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that steam at 15 lbs. pressure occupies a space equal to 1,67c 
times that of the water from which it is generated ? (187 1.) 

46. The internal edge of the seat of a conical valve is 5 inches in 

diameter, the vertical angle of the cone being 90° ; what lift of the 
valve would give i square inch area of opening ? (1876.} 

47. A steam engine is employed to work two pumps alternately, giving 

out its full power in each case. The area of the plunger of the 
one pump is A, and it lifts water 50 feet, the travel of the plunger 
being x feet Whereas the plunger of the second pump traverses 

--- feet at each stroke, and lifts water 150 feet, what should be its 

area? (1876.) 

48. The cylinder of an engine is 3 feet 6 inches in diameter, the stroke 

is 5 feet, and the steam is cut off at ^ of the stroke. If steam be 
admitted into the cylinder at 45 lbs. pressure, find the work done 
in one stroke (log. 3 = i -0986). (1876.) 

49. The stroke of a piston is 5 feet, and the cylinder is 4 feet in dia- 

meter, steam is admitted at 20 lbs. pressure and is cut off at half 
stroke, find the work done. If steam be cut off at \ of the 
stroke, and the final pressure is required to remain unchanged, 
what should be the diameter of the cylinder in order that the 
work done may also remain unchanged ? (log. 2 » '6931472, log. 
3 = 1-0986124). (1875.) 

5a The cylinder of a steam engine is 3 feet 6 inches in diameter, the 
length of stroke is 5 feet, and the crank makes 30 revolutions per 
minute ; what is the horse-power of the engine, the mean effective 
pressure of the steam in the cylinder being 10 lbs. on the square 
inch above that of the atmosphere ? (1876.) 

5 1. Investigate an expression for the work done when steam is cut off 

before the end of a stroke. Steam at a pressure of 60 lbs. is 
admitted into a cylinder, and cut off at ^ of the stroke ; what 
should be the area of the piston in order that a weight of 30 tpns 
may be lifted through the length of stroke? Allow for friction 
and back pressure, (log. 6-* 1*792.) (1874.) 

52. In a compotmd cyhnder marine engine, the diameter of the high- 

pressure cylinder is 57 inches, and that of the low-pressure 
cyUnder is 100 inches, the stroke of each piston being 2f feet 
The mean pressures of the steam in the respective cylinders are 
26 lbs. and %\ lbs., and indicated horse-power is 1,028 ; find the 
number of revolutions made in one minute. (1875.) 

$3 The diameter of a steam cylinder in a single-acting condensing 
engine is 4 feet The engine does the work of raising water to a 
height of 125 feet, by a pump 17 inches in diameter. What 
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should be the mean pressure of the steam on the piston, allowing 
what you think reasonable for loss by friction and back pressure ? 
(The weight of a cubic foot of water is 62-5 lbs.) ( 1875.) 

54. Steam is admitted into a cylinder at atmospheric pressure (say 
1 5 lbs.) and is cut off at \ of the stroke. Find the steam pressure 
when I3 of the stroke has been completed. (1878.) 

5^;. Steam is admitted into a cylinder at atmospheric pressure, and is 
cut off at half-stroke. Divide the stroke into 20 equal parts, and 
suppose that the pressure at the beginning of each of these por- 
tions remains uniform until the piston reaches the next in order : 
find the whole work done during the stroke, it being given that 
the area of the piston is 200 square inches, the length of stroke 
40 inches, and that 15 lbs. represents the atmospheric pressure. 

(1878.) 

56. In an expanding and condensing engine the pressure of steam on 
the piston at the commencement of the stroke is taken at 1 5 lbs. 
actual pressure, the steam is cut off at '4 of the stroke and the 
back pressure is 4 lbs. on the square inch. The volume of the 
steam compared with that of the water is taken as 1,665, ^"^^ ^^ 
average pressure of the steam on the piston, and the number of 
cubic feet of water required per horse-power per hour. Given : 
log. 2 - -6931472, log. 5 - I •6094379.' Diameter of cylinder 
- 2 feet ; length of stroke = 2 feet 6 inches ; number of revolu- 
tions per minute « 30. {\^n^ 

«7. Two horizontal steam engines develop the same power and have 
each a 5 feet stroke. The cylinder of the one engine is 3 feet 6 
inches in diameter, working with a steam pressure of 45 lbs. per 
square inch through the whole length of the stroke. The other 
engine is worked by the same initial pressure of steam, cut off 
at \ stroke. 

The question is : What would be the relative maximum strain 
upon the crank pin, and also what kind of crank shaft would be 
required for each engine, assuming the breaking strength to be 
six times the working load and the material to be wrought iron 
of average quality ? ( 1 87 3.) 

38. A steam engine is employed to drive machinery by means of a fly- 
wheel, having teeth on its rim, and gearing with a pinion on the 
line of shafting. Why is this a good arrangement ? The fly- 
wheel is 15 feet in diameter, and the crank which drives it is 
2 feet long. If the mean tangential pressure on the crank pin is 
16450 lbs., what will be the driving pressure on the pitch circle 
of the pinion ? (1874.) 
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S9l It is recorded of one of the earliest steam engines that it raised 
i8f cubic feet of water through a height of 19 feet at each stroke, 
and made ^\ strokes per minute. The consumption of coal was 
32 cwt. in 24 hours. Find the number of units of work obtained 
by burning 1 1 2 lbs. of coal. (The weight of a cubic foot of water 
is 62J lbs.) (1878.) 

60. A crank 2 feet long makes a complete revolution under a force of 

2 tons acting tangentially to the path of the crank pin. What 
pressure must act constantly on each square inch of a piston, 

3 feet in diameter, and moving through a stroke of 4 feet, in order 
that the work done on the piston may be equal to that done on 
the crank pin ? (i874-) 

61. Will you state clearly the points which determine the energy of 

any fly-wheel, and show by an example how the energy of a fly- 
wheel would be affected — ist, by doubling the weight ; 2nd, by 
doubling the diameter, the weight and number of revolutions 
remaining the same ; and 3rd, by doubling the number of revolu- 
tions in a given time ? {}^1Z^ 

62. Sketch the ordinary pendulum or ball governor of a steam engine. 

Mark on your drawing some particular line whose lengdi is 
related to the number of revolutions of the balls. State the 
relation as nearly as you know it If the line referred to 
be shortened in the proportion of 2:3, how much would the 
number of revolutions be increased ? (1 876.) 

63. Given the breaking tensile strain of wrought iron, find the thickness 

of the shell of a cylindrical boiler which will support a given 
pressure of steanu Example. — The diameter of the shell is 3 J 
feet, and the pressure of the steam is 150 lbs. on the square indi, 
what should be the thickness of the boiler plate when the tensile 
strain of wrought iron is, for safety^ estimated at 3 tons on the 
square inch ? Prove that a tube under internal fluid pressure is 
twice as strong on a transverse as on a longitudinal section. 

(1875.) 

%, A steam engine of the overhead beam construction is employed in 
working a cylinder for blowing air ; the steam cylinder at one 
end of the beam is 8 feet from the fulcrum, and the blowing 
cylinder is at the other end, but is twice the distance, namely, 
16 feet from the centre of motion of the beanu The area of the 
steam piston is 1,000 square inches, with a uniform pressure of 
40 lbs. per inch. The question is, what average pressure could 
be exerted by the blowing piston, its area being double that of 
the other ? (1868.) 
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Water is pumped from a well 400 feet deep by a single-acting iii«, 
verted steam engine ; that is to say, the piston rod is downwards, 
and steam is admitted under the piston for the up-stroke only, 
the downward motion being left to gravitation. The piston rod 
gives motion to a lever 15 feet from the fulcrum or centre of 
motion, but the lever is carried out to 20 feet, and then the pump 
rod is attached; there is thus 5 feet between the pump and 
engine centres, and 1 5 feet to the fulcrum centre. The steam 
pressure on piston is 50,000 lbs., and the question is, what force 
will be exerted on the pump rod durmg the upward stroke ? 

Referring to the former part of the question, the steam 
under piston would have the piston, beam, and pump rods to lift 
in addition to the water, but the lifting of those parts is not lost, 
because it can be made to raise nearly an equal weight of water 
during their descent ; will you explain how this can be done, 
state the kind of pump that you would employ, where you would 
introduce air-vessels, and the disadvantage that would arise from 
their omission ? (1868.} 



ANSWERS TO SOME OF THE ABOVE EXAMPLES. 



3.— 15-98 lbs. 

4.'— ioo,8oo,ooof\. lbs. 

6.-5 J.H. 

9.-H.P.«5i-i 
II.— 21*372 lbs. 
13.— 12279 F. 

^ 126-965 
17. — 7746 inches. 
18.— 55 inches. 
20. — 9*44 inches. 
II.— 26703 -6 lbs. 



22. — '06 inch. 
23.-9-337 ft. per «ec. 
25.-1*23 inch. 
28.— 858*9 lbs. 
32. — \ (travel of slide). 
__ 1123131*17 lbs. 
I 81048*37 lbs. 
35-—"** 12' 44". 
36.— load»i7-8755 lbs. 
38.-4*7124 lbs. 



34. 



44.-2*5465 

4^-^ 

48.— 218061 ft. lbs. 

{1 53 192 ft. lbs. 
43-1 inches. 
52.— 463. 
55.— 8593-857 ft. lbs 

"•4977442 Ids. 
'44 cub. ft. 
59. —7 264 1 60 * 1 56 ft . lbs. 
60.— 6-91 lbs. 
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ADDITIONAL EXAMPLES. 



Science Exam, 1879. 

I. The cylinder of an engine is 25 inches long, and steam is admitted 
at 18 lbs. actual pressure, the final pressure being 4 lbs. At 
what point of the stroke was the steam cut off? 

Afis, 5| inches from beginning of stroke. 

3. In a steam engine the diameter of the steam cylinder is 50 inches, 
the length of stroke is 7 feet, the number of revolutions is 25 per 
minute, and the mean effective pressure of the steam is 11*3 lbs. 
Find the horse-power of the engine. ^«j. H.P.«» 235*3. 

3. Required the weight to be placed on the end of a safety valve 

lever 17 J inches long, the distance from the fulcrum to the valve 
being 3 J inches, the upward pressure on the valve required for 
lifting the valve and lever being 20 lbs., and the pressure of 
steam in the boiler being 100 lbs. per square inch above that of 
the atmosphere. 
Ans, w -20A -4, where A is the area of the valve in square inches. 

4. The cylinder of an engine is 25 inches long ; steam is admitted at 

18 lbs. actual pressure, and the final pressure is 4 lbs. Dividing 
the stroke into 10 equal parts, find the steam pressure at each 
point of division, and set out Watt's diagram of work done. 
Find also the mean pressure of the steam. 
Ans. 18, 18, 13I, 10, 8, 6^, 5|, 5, 4|, 4. Mean pressure- 10^ lbs. 

Science Exam. 1880. 

I. What is the latent heat of steam ? If a quantity of steam weighing 
one pound, and at a temperature of 220^ F., is condensed in 100 
lbs. of water at 60'' F., what is the resulting temperature ? 

Ans, 7i**'i F. 

3. The stroke of the piston in a direct-acting engine la 4 feet, and the 
length of the connecting rod is 9 feet. How far is the piston 
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from the middle of its stroke when the crank has made ^ of a 
revolution from a dead point ? Ans. 27 inches. 

3. An engine is using steam at 21 lbs. pressure per square inch above 

the atmosphere, the length of the stroke is 3 feet, and the steam 
is cut off at one third of the stroke. Set out in a diagram the 
approximate steam pressure on one side of the piston throughout 
the stroke, and mark the pressures at the second and third feet 
of the stroke. Ans. 18 lbs. ; 12 lbs. 

4. In a double-acting engine the mean pressure on the piston is 

4 tons, and the length of stroke is 18 inches. What is the mean 
tangential driving pressure which can be taken from the rim of 
the fly wheel, the estimated diameter of which is 8 feet ? 

Ans, 1069*1 lbs. 

5. What is the speed of the piston of a locomotive engine having 

24 inches stroke, with 7 feet driving wheels, and running at 

40 miles per hour ? Ans. io| feet per second. 

6u The diameter of a safety valve Is %\ inches, and the leverage is 

5 to I. What is the pressure of the steam when the pull at the 
end of the lever is 100 lbs. ? Ans, 101*86 lbs. per sq. inch. 

7. The cylinders of a locomotive engine are 17 inches in diameter 

and the length of stroke is 24 inches, also the driving wheel 
makes 100 revolutions per minute, and the mean effective pres- 
sure of the steam is 80 lbs. Find the horse-power. 

Ans, H.P. -440*2. 

8. Find the pressure of steam necessary for blowing out a boiler 

10 feet below the level of the sea, the weight of a cubic foot of 
salt water being taken at 64 lbs. 

Ans, 4} lbs. per sq. inch above the atmosphere. 

9. In a direct-acting engme find the ratio of the velocity of the 

crank-pin to that of the piston in any given position of the 
crank. 

la A non-condensing engine is using steam at 42 lbs. pressure pet 
square inch above the atmosphere, the length of the stroke is 
3 feet, and the steam is cut off at \ of the stroke. Find the 
mean pressure of the steam. 

Ans, Theoretical mean pressure «■ 24-87 lbs. 

II. Explain the operation of combining the indicator diagrams of 
work done in a compound cylinder engine, the object being to 
produce th^ diagram which would have been obtained if the 
steam had performed the same work by going through the same 
changes of pressure and volume in onf cylindpr. 
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Science Exam, 1881. 

Describe a double-beat or equilibrium valve. The upper side of 
the valve is 1 1 inches in diameter, and the lower side 10} inches. 
What power will be required to open it when the steam has a 
pressure of 10 lbs. above the atmosphere, the pressure between 
the valves being disregarded ? Ans, 211 lbs. 

The stroke of a piston is 4 ft. 6 in., the steam is cut off at 
9 inches, and the pressure at the end of the stroke is 5 lbs. 
below that of the atmosphere. At what pressure above the 
atmosphere was the steam admitted ? Ans, 45 lbs. 

How is a barometer gauge made and fitted ? If the mercury in 
an ordinary barometer stands at 30 inches when that in the 
gauge stands at 26 inches, find the pressure per square inch of 
the vapour or air in the condenser. Ans, 2 lbs. 

The cylinder of a single-acting pumping engine is 72 inches in 
diameter with a stroke of 10 feet, and it works a pump whose 
plunger is 23 inches in diameter with a stroke also of 10 feet 
The load is 142 lbs. per square inch of the area of the plunger. 
Find the mean pressure of the steam per square inch of the 
piston, and the horse-power when the engine makes 8 strokes 
per minute. Ans, Mean pressure - 14*49 ^^s. H.P. » 143. 

An ordinary cylindrical boiler has flat ends with two internal flues 
running from end to end. The boiler is 28 feet long, the shell 
7 feet in diameter, and each of the two flues is 30 inches in 
diameter, the iron employed being ^ inch in thickness through- 
out. Taking the ultimate strength for the longitudinal or 
double-riveted joints at 35,000 lbs. per square inch of sectional 
area, and that for the transverse or single-riveted joints at 
28,000 lbs. per square inch, find the ultimate bursting pressure 
(i) along a longitudinal; (2) along a transverse section. In 
what way are the internal flues strengthened ? 

Ans. (i) 416*6 lbs. per sq. inch. 
(2) 1534*2 lbs. per sq. inch. 

Science Exam, 1882. 

What effect is produced by putting lap on a slide-valve ? The 
lap on the steam side oif a slide-valve is i^ inches, that on 
the exhanst side is i inch, and the lead is ^ inch. Find the 
opening for exhaust which the valve will give at the lower port 
when the ptston is at the top of its stroke. Ans, 1} inch. 
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State the law according to which the pressure of a mass of ait 
diminishes as its volume increases, the temperature being un- 
changed. Assuming this law to hold for the expansion of steam, 
find the steam pressure at the end of the stroke of the piston in 
an engine where the steam is admitted at a pressure of 30 lbs. 
above the atmosphere and is cut off at fths of the stroke. 

Ans, 3 lbs. above the atmosphere. 

The area of the piston of an engine is 3 sq. feet, the pressure of 
the steam is 1 5 lbs. per square inch above the atmosphere on 
admission, and the steam is cut off at \ of the stroke ; the crank 
shaft makes 40 revolutions per minute, and the length of the 
stroke is three feet, find the H.P. (given hyp. log. 3 « 1*0986}. 

Am, H.P. » 65-9. 

An engine is competent to raise 70 millions of pounds through one 
foot by the burning of 112 lbs. of coal. How many pounds of 
coal does it consume per horse-power per hour? Ans, 3-168. 

Find the number of cubic feet of water required per H.P. per hour 
in a non-expanding non-condensing engine, the pressure of the 
steam on the piston throughout the stroke being taken at 1 5 lbs. 
above the atmosphere, and the volume of steam at that pressure 
being taken at 874 times the volume of the water from which it 
is generated. Am. 1-05. 

A mass of air at atmospheric pressure is compressed by the action 
of an engine and is heated thereby. It is afterwards cooled 
down to its original temperature before compression, and is then 
expanded while doing work. When it again arrives at the 
pressure of the atmosphere it is intensely cold and may be used 
for refrigerating purposes. Explain these results according to 
the principles of Thermo-dynamics. Why is it an advantage to 
cause the air to do work while expanding ? 

Science Exam* 1883. 

. In a beam engine the mean pressure of the steam on the piston is 
20 tons, and the length of the crank is 7.\ feet, what is the horse- 
power when the crank shaft makes 30 revolutions per minute ? 

Am, H.P. = 407^. 

. In a jet condenser the temperature of the condensing water is 60* 
and that of the entering steam is 212°. Also the condenser 
remains at a temperature of 104^ Under these conditions find 
the weight of condensing water per pound of steam which enters 
the condenser. Ans, 24*4 lbs. 

A A 
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3. Define the horse-power of an engine. If an engine consumes 2 lbs. 

of coal per horse-power per hour, how many foot-pounds of work 
will it perform when consuming 112 lbs. of coal ? 

What diameter of cylinder will develop 50 horse-power with 
a four-foot stroke, 40 revolutions per minute, and a mean effective 
steam pressure of 30 lbs. above the atmosphere, the engine being 
non-condensing ? 

Am, 110,880,000 ft. lbs. ; diameter- 14*8 inches. 

4. Explain the method of constructing a parallel motion for a com- 

pound cylinder beam engine. 

5. Show that no more work is obtained from a given quantity of 

steam by passing it through two cylinders as in a compound 
engine than by admitting it into a low-pressure cylinder only with 
the same degree of expansion. 

6. In a direct-acting engine, set out by a diagram the relative 

positions of the piston and crank during a stroke on the suppo- 
sition that the connecting rod is of infinite length or remains 
parallel to itselfl How is this diagram altered when a definite 
length is assigned to the connecting rod ? 



Science Exam, 1884. 

I. Define the horse-power of an engine. Find the horse-power of a 
locomotive engine which can draw a train weighing 100 tons (in- 
cluding its own weight) along a level road at 30 miles per hour, 
the train resistance being taken at 10 lbs. per ton of load 

Ans, H.P.-8a 

3. Steam is admitted into the cylinder of an engine at an actual 
pressure of 45 lbs. per square inch, and is cut off at one-third of 
the stroke. Find the pressure in pounds at half-stroke, and also 
at the end of the stroke. Ans, 30 lbs. \ 1 5 lbs. 

3. Describe a mercurial pressure gauge for indicating the pressure of 
steam in a boiler. If the specific gravity of mercury be 13-5, 
how much higher will the mercury stand in one leg than in the 
other when the pressure of the steam is 10 lbs. on the square 
inch above the atmospheric pressure. Arts, 20*5 inches nearly. 

4 In a condensing engine the back pressure is 4 lbs. per square inch 
on the piston, and the actual pressure of steam in the steam 
chest is 30 lbs. per square inch. If the clearance between the 
piston and the inside of the cylinder cover be \ inch, how fai 
must the piston be from the end of the stroke at the point of 
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compression in order to compress the vapour in the cylinder tc 
the pressure of the steam in the steam chest ? 

Ans, 3 j^ inches from end of stroke. 

5. If 2 lbs. of steam at 2i2°F. are passed into 30 lbs. of water at 

70** F., what is the temperature of the water at the end of the 
operation? Ans, I39°*28. 

6. Find the greatest diameter of a cylindrical boiler to resist a pres- 

sure of 100 lbs. per square inch, the plates being } inch thick, 
and the safe stress upon the metal being 5,500 lbs. per square 
inch. Ans, 41^ inches. 

7 Steam is admitted to a cylinder at a pressure of 80 lbs. to the inch^ 
and is cut off at one-third of the stroke. The diameter of the 
piston is 40 inches and the length of stroke 5 feet, the number ol 
revolutions being 50 per minute. Given hyp. log. 3 » 1-0986, 
find the horse-power of the engine. Ans, i/)66f H.P. 



Science Exam, 1885. 

1. If 400 tons be lifted 10 feet in 10 minutes by a steam engine, 

wherein the area of the piston is 400 square inches, the mean 
pressure of the steam on the piston is 25 lbs. on the square inch, 
the length of stroke is 4 feet, and the number of double strokes 
made in a minute is 1 5 : what proportion of the power applied 
to the piston is lost in the working of the machinery ? 

Ans, 25I percent 

2. Steam is admitted into a cylinder at a pressure of 25 lbs. on the 

square inch above the atmospheric pressure of 15 lbs. on the 
square inch, and is cut off at such a point that its pressure at the 
end of the stroke is 5 lbs. below that of the atmosphere. At 
what point of stroke was it cut off? Make a diagram, showing 
approximately the steam pressure on the piston throughout the 
stroke. Ans, Cut off at \ stroke. 

3. Steam is admitted into a cylinder 32 inches long at 40 lbs. pres- 

sure above that of the atmosphere (viz. 1 5 lbs. on the square 
inch), and is cut off at one-fifth of the stroke. The area of the 
piston being 3 square feet, find the work done in one stroke by 
dividing the stroke into five equal parts and considering the pres- 
sure in each of the latter four parts to be the mean of the pres- 
sures at the beginning and end of the same. 

Ans, 34002*432 foot-pounds. 

4. If the boiler of an engine gives out every minute 100 cubic feet 
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of steam which propels the piston wkh an average pressure of 
50 lbs. on the square inch, what is the horse-power of the 
engine? Ans, H.P. -aijy. 

5. In a direct-acting horizontal engine the length of the crank is 

I foot, and that of the connecting rod is 5 feet When the crank 
is vertical the pressure of the steam on the piston is 4,000 lbs. ; 
find the thrust along the connecting rod, and the pressure on the 
guide bars at that point of the stroke. 

Ans. Thrust -4082-48 lbs. 
Pressure « 816-496 lbs. 

6. If the cylinder of a locomotive be 20 inches in diameter with a 

stroke of 2 feet, and the diameter of the driving wheel be 6 feet, 
find the tractive force exerted by the engine for each pound of 
pressure per square inch on the piston. Ans, 66} lbs. 

7* It being given that the travel of a slide valve is 4^ inches, the out- 
side lap I inch, the inside lap \ inch, and the angle of advance 
of the eccentric 30**, find (on the assumption that the obliquity 
of the eccentric bar or rod may be neglected) the positions ol 
the crank at admission, cut off, release, and compression. 
Am, f 36}', 56** 23i', 23** yj\\ 36** 22}' ; the angles being 
measured from the line of dead centres. 

8. In a compound cylinder tandem engine the steam is cut off at one- 
third of the stroke in the high pressure cylinder, the areas of the 
pistons are as i to 3, and the diameter of the smaller cylinder is 
20 inches ; investigate an expression for the work done in one 
stroke. Example : Find the horse-power of the engine when 
the initial pressure of the steam is 85 lbs. per square inch above 
that of the atmosphere— viz. 1 5 lbs., the back pressure in the 
large cylinder is 3 lbs. per square inch, and the speed of each 
piston is 300 feet per minute. Given that hyp. log. 3 « 1*0986. 

Ans, H.P.- 278-66 

Science Exam, 1886. 

1. Explain the advantage of working steam expansively and with 

condensation. Steam is admitted into a cylinder at 30 lbs. 
above the atmosphere, which is taken at 15 lbs. per square inch, 
and is cut off at a certain point and then expands to a pressure 
of 5 lbs. below the atmosphere. If the length of stroke be 
4| feet, at what point is the steam cut off? 

Ans, At I ths of stroke. 

2. In a jet condenser the temperature of the injection water is 60** F*., 
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that of the water after condensation is 100® F., and the latent 
heat of the steam which enters the condenser is 1,016 thermal 
units, the temperature of the steam being then 140** F. ; find the 
number of pounds of injection water for each pound of steam 
condensed. Ans, 26-4 lbs. 

The diameter of the cylinder of an engine being 53 inches, the 
stroke 5 feet, and the number of revolutions 30 per minute, find 
the mean pressure of the steam to develop 600 indicated horse- 
power. Ans, 29*9 lbs., taking v « y. 

Find the thickness of iron plates in a boiler shell 6 feet 4 inches 
in diameter for a pressure of 40 lbs., the greatest tensile stress 
permissible in the material being 5,000 lbs. per square inch. 

Ans. '304 inches. 

Given that the travel of a slide valve is 5 inches, outside or steam 
lap ] inch, and the angle of advance 22^°, find graphically, or 
otherwise, the position of the crank at the point of cut-ofil 

Ans. 140** 2' from the line of dead centres. 

A motion of i inch in the pencil of an indicator, as due to steam 
pressure, represents a pressure of 20 lbs. on the square inch. 
What is the H.P. of an engine, making 90 revolutions per 
minute, the diameter of the piston being 10 inches, the length of 
stroke 20 inches, the area of the indicator diagram 8 square 
inches, and its length 5 inches? Ans. 22*848, taking ir a 3*1416. 

An engine uses 10 lbs. of steam per minute, the feed temperature 
is 60* F., the boiler temperature 300® F., and that of the con- 
denser is 104° F. What is the theoretical maximum efficiency 
of the engine ? State Regnault's formula for the total heat of 
steam at a given temperature, and deduce the amount of heat 
which each pound of steam has received in the boiler. What 
horse-power would be developed if the engine worked as a per- 
fect engine? Ans. Max. efficiency-* 258 ; H.P. * 69*135. 
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THEORY OF HEAT ENGINEa 

Th£ object of the present chapter is to place before the student 
some further facts in relation to the working of steam in its 
application as a motive power, and to collect together certain 
formulae and tables which are in common use. 

We take up the subject as a sequence to Chapters II. and III. 
of the Tejct-book on the Steam Engine, and shall refer, where 
necessary, to the principles and conclusions therein set forth. 

Assuming the first law of Thermodynamics — viz. that heat and 
mechanical energy are mutually convertible, the one into the other 
— it will be convenient to obtain a general equation which is of 
universal application, and upon which our conclusions may be 
founded. 

Art. I. Therelationbetw^eenheatand work.— Conceive 
that a body or substance of any kind, or a quantity of gas, such 
as air, has a certain volume, temperature, and pressure, and is then 
subjected to a certain action whereby a small additional quantity 
of heat is imparted to it ; the question now arises, What will 
become of this heat ? 
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One portion of the heat may be expended in doing work upon 
the particles of the body and thereby effecting some change in its 
internal condition, or in the amount of energy stored up in it ; 
the work so done is called Internal Work, 

Another portion of the heat may be expended in producing a 
change of volume against external resistance, in which case the 
work done is called External Work, 

Let now u represent the total energy existing in the substance 
before additional heat is imparted to it 

^u = the change of energy, 
i/w s= the external work done during the operation, 
^^ = the heat imparted ; 
then, 4/^ = </u + </w. 

This equation, adopted from Clausius, may be regarded as 
the fundamental statement of the relation between heat and 
work. 

A little consideration will show that the equation may be 
somewhat modified, for the action of heat upon a body is of a 
twofold character: one portion produces a change in the kinetic 
energy of its molecules, and another portion is expended in over- 
coming the resistance to change of any kind which the molecules 
put forth among themselves. 

Of the precise nature of this latter action we are ignorant, 
and in an elementary inquiry nothing is gained by breaking up 
the symbol d\i into its component parts. 

2. External work done during: the expansion of 
volume. — ^The working substance in a heat engine being some 
form of gas or vapour, we are frequently concerned in ascertaining 
the amount of external work done in expanding the volume of 
the substance against the external pressure of the atmosphere. 
II1US steam, as used in an engine, occupies a much larger space 
than the water from which it is generated, and work must be 
done in displacing a quantity of air under pressure by a like 
volume of steam. 

Wherever there is expansion of volume against external 
resistance work must be done, and an expression for such ez« 
penditure of work is easily found. 
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Prop, — ^When a quantity of gas at pressure p and volume v 
expands XoV'\-dv^ the external work done is pdv. 

Let ^s be an element, at any given point, of the surface or 
bounding envelope enclosing the gas, n the normal to the surface 
at that point, dn the infinitesimal movement of ^s along the 
normal during expansioa 

Then dn xpdsis the work done by^s along the normal 
during expansion, p remaining constant, 

and 11 dn xpdsvstht whole work done. 

But ^\ dn xpds=p\\dn xds^pdv. 
•*• Work done during expansions/ dtK 

The same would be true if we dealt with a solid or a liquid, 
but the expansion would, as a rule, be so much less in degree for 
any ordinary changes of temperature as to be quite inconsiderable, 
and it is commonly disregarded. 

It may, however, be said that in every case in which a volume 
V expand^ tov-^dv against a uniform pressure / acting in the 
direction of a normal to the surface at every point, we have the 
equation 

dq^d\3 '\-pdv. 

An example of expansion of volume while work is being done 
occurs in an ordinary engine when working with compressed sdr ; 
and, in order to bring the matter clearly before the student, we 
proceed to consider the case of air doing work behind the piston 
of an engine, on the hypothesis that there is no passage of heat 
through the walls of the cylinder or through the piston. 

Here it is necessary to bear in mind the experiments of Joule, 
which show — 

That no change of temperature occurs when air is allowed to 
expand in such a manner as not to do work. 

It follows that if air does work in expanding at a constant 
temperature, heat must be supplied in such a quantity as to do 
the whole of the work. Further, if no heat be supplied, the work 
can only be done at the expense of the intrinsic energy of the air 
itself. 
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Let now a mass of air of volume v^ pressure /, and tern* 
perature / expand while doing work without transfer of heat 
This state of things is represented in the 
diagram, a b being the expansion curve, o x 
the line of volumes, and oy the line of 
pressures. 

In this case the external work done 
during expansion from pressure a m to pres- 
sure B N will be represented \y^\ pdvox by 

the area a bn m ; and since no heat is taken 
in or received, the work so measured must 
be effected by the intrinsic energy of the air. 

Also, A B N M represents the heat expended and taken from the 
air itself, whereby its temperature falls. 

The general equation leads, of course, to the same conclusion ; 
for, taking the formula 

we have J </ ^ = o, and J</w=:j/^«/s= area a b n if. 

Hence o =J </u + areaABNM. 

Which is equivalent to saying that the external work, as repre- 
sented by the area a b n m, is taken from the internal energy of 
the mass of air. 

3. Cyclical process. — It has been shown that in a cyclical 
process the substance returns to its original state as to volume, 
temperature, and pressure. 

Conceive that a series of changes is taking place and that we 
represent what is going on by the equation 

J ^^= J^u + Ji/W. 

As a general rule, we should have 

Ji/u = Ua — Uj. 

But in a cyclical process the substance returns to its original state, 

/. u, =Ua orj ^u = O. 
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Hence the test of the process being cyclical is that 

y^dq = j ^w. 

In other words, the sum of all the quantities of heat imparted 
during the cycle is equal to the total amount of external work 
done during the series of changes. 

This conclusion is entirely in accordance with the description 
of a cyclical process as given in the former treatise. 

Thus, suppose a substance to expand as determined by the 
isothermal tt and the adiabatic T/, and to be compressed, as 
shown by the isothermal //, and the 
adiabatic /t, thereby completing the 
cyde, and let Qi be the heat taken in 
and Q2 the heat rejected during the 
operation, we shall have 

External work done = Qi — Q2 
= areaTT//, 

That is to say, one and the same 
area will represent both the external 
work done and the heat expended during the operation. 

Having made these preliminary observations, we pass on to 
treat of the subject of the expansion of steam. The first step is to 
obtain the result now following. 

4. Relation between the temperature and pressure 
of saturated steam. — It will be understood that dry saturated 
steam is the vapour of water, or is in the form of a gas, free from 
any admixed particles of water, and in such a physical state that, 
while the pressure remains constant, the smallest subtraction of 
heat will cause partial condensation of the steam. 

Superheated steam, on the contrary, would be the vapour at a 
higher temperature than saturated steam of the same pressure. 

The pressures of dry saturated steam at different temperatures 
are found by experiment, and the results are given in tables. The 
experiments chiefly relied on are those of Regnault, which were 
published at Paris in the year 1847, and the first columns in 
Table I. are adopted from a treatise on heat by Dixon, who has 
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obtained his results from Regnauit, and has calculated them for 
the latitude of Dublin. 

The temperatures are given in Fahrenheit degrees, and the 
pressures are stated in pounds per square inch. 

The following examples are worked from Table I. : — 

Ex. I. Find the pressure of saturated steam at a temperature 
of 300** F. 

By Table I.— 

Pressure at 302® = 69-20 lbs. 
„ 293** = 60-39 „ 
Difference for 9' = 8-8 1 „ 

7" =-5 X 8-8i= 6-852. 

Whence pressure at 300' F. = 60-39 lbs. + 6*852 lbs. 

= 67*24 lbs. per sq. in. 

Ex, 2. Find the temperature of saturated steam at a pressure 
of 150 lbs. per square inch. 

Here a pressure of 145-8 lbs. indicates 356° F. 

163-3 .. 365**^' 

Difference for 17-5 „ 9** F. 

„ 4-2 „ 2-i6^F. 

or, temperature at 150 lbs. = 356® + 2-16'* F. 

= 358i6' F. 

Ex, 3. Steam is blowing off at a pressure of 75 lbs. by the 
gauge ; the barometer stands at 29*5 in. What is the tempera- 
ture in the boiler? 

Taking the weight of a cubic inch of mercury at ordinary 
temperatures as '49 lbs., we have 

weight of 29-5 in. of mercury = 14*455 ^^'^ 
and absolute pressure of steam = 89*455 lbs. 

Whence it is easy to show that required temperature = 31965'' F. 
Ex, 4. The temperature of the condenser is 110° F. The 
vacuum is 25*3 in. by the gauge ; the barometer stands at 29 in. 
What part of the pressure in the condenser is due to the presence 
of air? — Ans, -539 lbs. 
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5. Specific volume. — In the Text-book the term specific 
volume was employed as synonymous with relative volume^ that is, the 
ratio of the volume of a quantity of steam to that of the water from 
which it is generated This was done because reference was then 
being made to some experiments of Fairbaim wherein that parti- 
cular meaning was assigned to the term in question. 

In the present chapter the volume of one unit of weight of any 
substance under consideration, whether water, air, or steam, will be 
called the specific volume of the substance, and will be represented 
by the symbol v. And inasmuch as the volume depends on the 
external pressure/ supported by each unit of surface, and also on 
the temperature /, we have 

or the specific volume is in general a function of the temperature 
and pressure. 

It is to be noted that in the present article / is expressed in 
absolute measure. 

For example, in the case of air, which is treated as a perfect 
gas, the fundamental equation is 

In the case of steam, by which we shall always intend dry 
saturated steam^ unless the contrary be expressed, there is no simple 
fundamental relation between/, /andz^ ; and it is necessary there- 
fore to have recourse to empirical formulae, or to tables which give 
experimental results. 

6. Heat expended in the evaporation of water.— We 
have now to examine the expenditure of heat when converting 
water into steam, as well as the measure of the external and internal 
work done during the operation. 

As to the heat expended in changing water into steam, there 
are two cases to be considered 

(i) The water may be converted into dry saturated steam. 

(2) The steam generated may be moist steam, or may contain 
a definite amount of water in the form of fine globules mechanically 
suspended. 

For case (i). There is the formula by Regnault, viz. 

H = 10917 + -305 (/-32) = a + w/, suppose^ 
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where / is expressed in Fahrenheit's scale, and h and l are 
expressed in British thermal units. 

The formula for h is fundamental, and the student may refer 
to Table I., where he will find a column of values of h in thermal 
units, for intervals of temperature marking 9° F. 

Another column gives values of ^', where hi is the heat 
expended in raising i lb. of water from 32^ to /. 

We take the values in this column from a table calculated by 
Rankine, the results being adapted for thermal units. 

Another column gives the values of l for intervals of 9^ F. 

It appears also from the definitions of h, l, and h' that we 
have the fundamental equations : — 

H = L + A', 
or, L =s H — A'. 

It will be understood that the values of l are deduced imme* 
diately from those for h and h. 

Thus, if it be required to find the heat expended in evaporating 
water at a temperature /q into dry saturated steam at a tem- 
perature / : — 

Let ^0 b^ the heat required to raise ilb. of water from 32® F. 
to/o, 

Then, total heat of formations H—i^o- 

Ex. I. The absolute pressure of steam in a boiler is 95 lbs. 
per square inch ; find the total heat of formation from water at 
32** F. 

By Table I.— 

Pressure 101*9 ^^s. corresponds to 329° F. 
89-88 „ 32o<'F. 

Difference for 12-02 lbs. is 9° F. 
.•. 5*12 lbs. corresponds to 3-83° F. 
or, /= 32383°; 

whence, H = 10917 + -305 (323'83 — Z^) 
= 1 1807 1 

the answer being expressed in British thermal units, or b.t.u. as 
it is often written. 

In case (2). Let the steam be moist, so that for each i lb, of 



Examples. 9 

water raised to temperature /, only x lbs. have been evaporated, we 
have 

Total heat of formation = A' + *l 

where h! is the heat required to raise ilb. of water from 32® F to /. 
If the water be originally at temperature /q we have 

Total heat of formation = h! — A© + jc u 

Ex. 2. The absolute pressure of steam in a boiler being 
95 lbs. per square inch, and the steam containing 10 per cent, of 
water, find the total heat of evaporation from water at no® F. 

By Ex, I we see that — 

Total heat of formation from iio^F. = 118071 — (no — 32) 

= 110271 
Latent heat of evaporation = 110271 — (323*83 — no) 

= 888-88 

/. heat required = 213-83 + ]^ x 888-88 
= 1013-82 B.T.U. 

Ex. 3. Dry steam is generated in a boiler at 90 lbs. absolute 
pressure from water at 65° F. What percentage of heat will be 
saved by a feed-water heater which raises the temperature of the 
water to 200® F. ? 

Here temperature of steam = 320-09° F. (by table). 

Heat of formation = 1091*7 + -305 (32009 — 32; — 33 

= 1146-57 B.T.U. 

Here the heater saves 200 — 65, or 135 thermal units, and, 

required percentage = v x 100 

= 1178 

Ex, 4. One pound of coal (a) evaporated 9 lbs. of water at 
324** F. from water at 60° F., while i lb. of coaJ (b) evaporated 
Z\ lbs. of water at 350° F. from water at 104** F. The steam 
produced by coal (a) had 10 per cent, of water, while that from 
coal (b) had 5 per cent, of water : compare the evaporative 
powers of (a) a d (b) under these conditions. 
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For (a), heat of formation = 26"4+'2-xii5276 

=: 1063-89 B.T.U, 

For (b), heat of formation = -~ (350 — 104) + :^x 1116-69 

100 100 

s=s 1073-16 B.T.U. 
^ . , . 9 X 1063-89 

Required ratio = g.^ ^ ^^^3.,^ = f049 
nr, (a) is nearly 5 per cent, more effective than (b). 

Ex, 5. In a trial of an engine making 20 revolutions per 
minute, and indicating 75-H.P., the absolute pressure in the 
boiler was 62 lbs. per square inch ; the weight of steam and water 
passing into the cylinder per stroke was '52 lb., of which -013 lb. 
was priming water; the weight of steam condensed in the jackets 
was '06 lb. per stroke ; and the temperature of the feed-water 
was 85-5® F. Find the number of thermal units taken from 
the boiler per stroke, and the efficiency of the engine, neglecting 
any change in the specific heat of water. 

Temperature of steam at 62 lbs. = 294-64® 

H = 1091-7 + -305 (294-64 - 32) - 53-5 

= 1118-31 B.T.U. 
L = 966 — -7 (294*64 — 2 1 2) 

= 908-15 B.T.U. 
A' = 294*64 — 85-5 = 209-14 B.T.U. 

Weight of steam passing into the cylinder per stroke 

= -52 - -013 = -507 lb. 
Total heat per stroke = -507 h + -06 l + -013 h' 

= 624*19 B.T.U. 

75 X 33000 
Useful work per stroke = — — zrrir-'= 80-14 
^ 40 X 772 

Efficiency = ^^^ =-1284. 

7. Internal and external work.— The next point is to 
measure the internal and external work done during the total 
or partial evaporation of a mass of water into steam. 
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It has been explained that in the case of a perfect gas there 
exists the relation 

Where, however, the substance is found in two physical states 
in the same space, as in a mixture of steam and water, the pressure 
f will depend on the temperature, and we shall have 

In such a case, it will be necessary to introduce a new variable 
in order to determine v. 

Thus, let o- = volume of ilb. of water 
s= -oi6 cub. ft very nearly, 
V = specific volume of dry steam, 
^ = volume of a mixture of steam and water. 

Also, let the mixture in question contain x parts of steam and 
(i ^0^ parts of water. 

Then t^ = z^jf+<r (i — jc)=(t^— o-) j?+<r. 

In this equation v and a- are functions of / ; whence it follows that 
v' is a function of the independent variables x and /. 

8. To find the internal and external work done during the total 
evaporation of a quantity of water, we proceed as follows. 

Let <r = volume of i lb. of water 

s= '016 cub. foot, very nearly ; 
then t?— <r= increase of volume by evaporation 

Hence, external work done in evaporating ilb. of water into steam 
at pressure/, and temperature /, 

=/ (v— <r), in foot pounds. 

Also, internal work done during the evaporation 
=h^p {jf—fr\ in foot-pounds, 
where Ls=latent heat of steam at temperature / 

It is common to employ the symbol p to express the internal 
work done during evaporation, whereby 

B B 
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As before, let K be the heat expended in raising i lb. of water 
from 32® to /. Then, inasmuch as the external work done in the 
expansion of water for the temperatures with which we are con- 
cerned is so small that it may be neglected, we shall treat K as if 
it were all expended in doing internal work, and shall employ the 
equations — 

Total internal work s /i' + p. 

or = A' + L -/ («r— »). 

But H = L + A' ; 

whence total internal work = h — / (tr— a), 
total external work =/ (r— a). 

9. Taking the formulae 

Total internal work per i lb. of steam = ^' + /a^ 
Total external work = / (^^ — o"), 

we may connect them conveniently by an artifice. 

Thus, assume that p^s^kp {v — <r), where k is some number to 
be ascertained. And in like manner, let h' = kp (v—o-). 

If now we set off on the axes o jc, o^, the part o a = cr, for i lb. 
of water, and o b = z/, for i lb. of steam at the pressure />, we have 
the base of a rectangle which may repre- 
sent the internal work. 

For, drawing b d perpendicular to ox 
and = kp^ and producing b d to B and 
making d e = k'p^ and completing the 
rectangles a d, a e, we have 

A E s= total internal work done in ob- 
taining I lb. of steam at volume r, 
and pressure/. 

p The external work done by this pound 

of steam in an engine will depend on the 
manner in which it is applied, but the external work done in 
generating i lb. of steam, of volume v and at a constant pressure 
/, may be represented by erecting the perpendicular b m =/, and 
completing the rectangle m a, which is equal to/ {v—a). 
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For convenience, tables of the values oik and k are given at 
intervals of temperature corresponding to 25% and the corre- 
sponding pressures can be taken from Table I. 

As pointed out by Rankine, it appears that approximately 

>^+>^' = xSi in a condensing engine 
^+>^ =s 14, in a non-condensing engine. 

If the evaporation be partial, so that for each i lb. of water 
raised from 32** to /, only x lbs. have been evaporated, we have 

Quantity of heat expended = A'+* !• 
Also, since tf = ip-^v) jp+ct, 
we have tr' — o- = «■ (z^— <r) ; 

•*• external work due to change of volume 

= /« (t?— <r). 

In like manner, total internal work = h* +px. 

Hence the two equations now are 

External work per i lb. of steam =/« (^— <^) 
Internal work „ „ „ =A'+px. 

Also, since z^ — cr = jc (t^ — o-), 

and px^kpx (v— o-), 
we havef)^ = ^/ {r/ —a) ; 
or, external work =/ (z/— cr) 

internal work z=zh! •\- kp (z/ — <r). 

Hence for a mixture of steam and water the rectangles for 
internal work will have the same altitudes as before, but the length 
of the base a b will be z/ — <r instead of z^ — cr. 

10. No substantial progress can be made in this branch of the 
subject until we have ascertained the volume of a mass of steam 
when its temperature and pressure are given. 

Table IT. gives the volumes in cubic feet of i lb. of dry 
saturated steam at certain definite temperatures and pressures, 
which are calculated from a formula to be given hereafter. In 
order to make such a table available for general calculation, it is 

B B 2 
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convenient to record the values oi pv and/ {p — <r), but instead 
of retaining the symbol/, which is the pressure in pounds on i sq. 
inch, we adopt the symbol p, which stands for the pressure in 
pounds on i sq. foot, whereby 

p=i44/. 

It will be seen that the last two columns of the table record 
the values of p v^ and p («f — <r). 

Table III. gives the values of k and K at temperatures on 
Fahrenheit's scale for intervals of 25®. 

Ex, I. Find the internal work done during the evaporation of 
I lb. of water into steam at 95 lbs. pressure, and compare it with 
the external work done by expansion of volume. 

Here p = l — p (v — <r). 

Temperature of steam s 323*79® F. 

Also, by the tables, we find — 

L = 889-3 — 274 = 886-56 B.T.U. 
P ip^a) = 62x75-60 + 165-24 
s= 62340-84 ft lbs. 

= 80-75 B^T.U. 

Whence p = 805-81 b.t.u. 

. _ 805-81 ^ 



-8575 = ^'^^- 



Ex, 2. Find the total internal work done during the formation 
of I lb. of dry saturated steam at 95 lbs. pressure from water at 
100'' F. 

Total internal work =■ p + A/ — A'lo© 

Here /= 323-79** by last example. 
/. hi = 290-3 + 3*87 = 29417 B.T.U. 

^100 = 68 B.T.U. 

Total internal work =: 805-81 + 294-17 — 68 

= 1031-98 B.T.U. 

Ex. 3* A condensing-engine working without expansion uses 
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dry steam at 65 lbs. absolute pressure^ the back pressure is 3 lbs., 
and the temperature of the feed-water is loo® F. : find the effi- 
ciency of the steam, its consumption in pounds per H.P. per hour, 
and the expenditure of heat per H.P. per minute. 

Temperature of steam at 65 lbs. = 297-6i*' F. 

Let V = volume of steam at 65 lbs. pressure. 
Then v = 7*0875 — '491 = 6*596 cub. ft. 

Effective work per 1 = 144 (65 — 3) r 
lb. of steam J = 58889-09 ft lbs. 

H =» 1171*3 + i'434 = "72*734 B-T.U, 
A',00 = 68 ax.u. 

Expenditure of heat \ ,, 

li^ lb. of steam } = h- A',00 = 1 104-73 b.t.u. 

__ . effective work 

Effiaency = expenditure of heat 
58889-09 

™ 1 10473 X 77a 

= -069. 

Expenditure of heat per H.P. per minute 
33000 
= 5"888^''''°^*" 

= 619*06 B.T.U. 

Consumption of steam per U.P. per hour 

_ 3 3000 

■" 58889-09 ^ ^® 

= 33*62 lbs. 

Ex. 4. Performance of a non-expansive and non-condensing 
engine. 

Data, Back pressure s 16 lbs. (absolute) 

Temperature of feed-water = 212** F. 

In the tabulated result the first row of figures b worked out, 
and the rest will form an exercise for the student 



I6 
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AU. press, 
in pounds 



EffectiTe woilc 
in B.T.U. 



150 

100 

50 



Pounds of 

steam per 

H.P. per hoqi 



74-63 
68'27 

53*35 



34-36 
4808 




Taking the letter p to indicate pressure in pounds per square foot, 
we have — 

Effective work per lb. 1 _ /« _ p )^; 
of steam j ^ "" *" 

= 144 (150 - 16) 2-986 
= 57617-86 ft. lbs. 
= 74"63 ^-T.u, 

Consumption of steam! _ 33000 x 60 _ ^^ ^^^ 
per H.P. per hour J 576i7'86 

Temperature of steam at 150 lbs = 35^''43** 

H= 1190-5 + -666 = 1191*166 
A',„= 180-5. 

Heat expended per lb. -| ^ ^.^^^ _^ ^3^ ^ ,^,^.6 ^^^ 
of steam J 

Heat expended per 1 34:36 ...^,c.^ 
H.P. per minute /- 60 ^ ^°'°''' 

= 578-78 B.T.U. 

_.«, . Effecti ve work 

Efficiency = Heat expended 

_ 74-63 
^ 1010*67 
= -0738. 

Ex. 5. Performance of a non-expansive condensing engine* 
Data. Back pressure = 3 lbs. 

Temperature of feed-water = 104** F. 
„ injection «= 54*=" F. 
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Abs. preis. 

inpoandi 

per sq. inch 


EffectiveWork 
in B.T.U. 


Pounds of 

Steam per 

H.P. per hour 


Heat expended in b.t.u. 


EiSciency 


Per pound of 
Steam 


Per H.P. per 
minute 


80 
40 
20 


77-16 

711 

6275 


33-24 
3607 
40-87 


1105-04 
1091-43 
1079-45 


61 2*2 

656-13 

735-29 


•0698 
•0651 
•0581 



Taking the steam pressure at 80 lbs. (absolute), we have 
Effective work = 144 (80 — 3) x 5*3721 

= 77'i6 RT.u. 

Weight of steam per 1 ^ 33°^?_^^ _ 

H.P. per hour j""' 59565 84 - 33*24 lbs. 

Also temperature of steam at 80 lbs. = 311-8° F. 

/. H = 1176*8 + -24 = 1177*04 B.T.U. 
//jQ^ =72 B.T.U. 
/. H — A', 04 = 1105*04 RT.U. 



Heat expended 
per H.P. per minute 



= r X 1105*04 = 6i2*2 aT.u. 



Efficiency = ^1^^=0698. 

As regards the heat passing into the condenser we have the 
following table : — 



Abs. press, of 
Steam 


Heat rejected 


Pounds of Condensation Water 


B.T.U. 

per pound 


B.T.U. per H.P. 
per hour 


Steam 


Per HP. per 
minute 


80 
40 
20 


1027-88 
1020-33 
10167 


41552 


20-55 
20*41 
20*33 


11*39 

12-27 

1385 



The student will remember that the engine performs work, 
and that the heat which does this work passes away without 
entering the condenser. 
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Hence, we have 

Heat rejected in b.t.u. per lb. 1 ^ oo 

of steam }- 1105-04 - 77-i6 = 1027-88 

Heat rejected per H.P. perl = 1027-88 x weight of steam 
hour J used per hour 

s= 1027*88 X 33-24 

:= 34167 B.T.U. 

Pounds of condensation water 1 ^ 1027*88 __ . 

per pound of steam j ^ 104— 54 "" *® ^^ ^ 

Pounds of condensation water 1 _ 33-24 

per H.P. per minute J " *°'SS x 5^ 

s= ii'39 lbs. 

11. Specific heat— It has been stated that quantities of heat 
are measured either in thermal units or in foot pounds and that the 
specific heat of water at its maximum density 

= I, in thermal units, 
or = 772, in foot-pounds. 

In the former treatise we found that 

Specific heat of air at a constant pressure =s '238 ^ k. 
„ „ „ „ constant volume = '169 = c 

In this case the unit is a thermal unit, and we shall adopt the 
notation c^ and c, to express the specific heat of gas, such as air 
or steam, at a constant pressure and constant volume respectively, 
when expressed in foot-pounds. 

Thus, for air, c> = 772 x -238 = 183-7 foot-pounds. 
c^ = 772 X -169 = 130-4 foot-pounds. 

12. We may deduce the values of c^ and c» from the general 
equation, as follows : — 

Let a quantity of air have a pressure /, temperature /, and 
volume v^ and let dp^ dt^ dv be the corresponding increments of 
/, /, V when the air receives a small increase of heat, viz. dq. 

Taking the general equation dq = d\i-\-d^^ we observe that 
dM = c»i//, and d\f ^^pdv 

/. dq^c^dt+pdv. 
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But pv^^t\ 

•\ pdv+vdpssRdt', 

/. d^=z{c^+K)dt'-vdp. 

If dp = o, we have d^ = c^dt. 

Hence cv+R = c^ 

Cor,—lidt =s o, dq =/ dvy or the whole heat imparted during 
isothermal expansion is converted into external work. In like 
manner, if a gas be compressed at a constant temperature the 
whole work expended on the gas must be abstracted in the form 
of heat 

13. We proceed to determine the numerical values of c, and c^ 
for air. 

By experiment it is shown that in the case of air at 32® R, or 
at an absolute temperature of 492*6 

pv^=s. 26214 foot-pounds 
= RX 492-6. 

Whence ^=^6214^ 

4926 

Also it has been shown that 

S?= 1*408 : 

whence c^— c, == c, x '408. 
But 0^-0.= R = 53-2; 
.•. c,x-4o8 = 53-2 

/, c s= 130*4 foot-pounds ; 
c^ = 130*4 + 53*2 = 183*6 foot-pounds j 

which agree very closely with the previous values. 

14* Internal and external work done in heating air. 
— Let a mass of air at volume Vx^ pressure/, and temperature /| 
be heated so as to reach the volume v^ and temperature /^i the 
pressure remaining constant, and let it be required to find the 
external and internal work done, and also their ratio. 

Proceeding as in art. q, and drawing rectangles as in fig. 3. 
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LetOE = tr], OD = f;j, ab=/. 

Then, external work done =/ (z;,— v,) = area ad. 

But/z^i = R/i, 
/z;j = R/,; 
/• External work done = R (^j— A) 

= 53-2 (^a-A). 
Also internal work =s c^ (/«— /|) 

= (CV-R) (/,-/,) 
s= area e f, suppose. 
-. , internal work _ fe-R) {U—^\) 
external work r (/j— /i) 

Fio. 4. = ^HB 

R 

= 2-45 nearly, 

area a d 

"" area ef* 

15. Specific heat of steam.— Let dry saturated steam be 
superheated and expand as a perfect gas. 

For air/z^=R/. 
For steam/z/ = R'/; 

. t' — R 
if r' 

But ~ = -622 
if 

• • K — —7— — -7: — — OS S. 
•622 •622 

Also experiments give 

c^ =s 370*56 foot-pounds, 
whence c,= 285 '03 foot-pounds. 

It follows that^ss 1*3, whence the adiabatic curve for the 
c. 

expansion of superheated steam is 

p «;»•» = e. 

16. Expansion curves of air and steam.— At this stage 
it may be convenient to examine with some particularity the 
expansion curves of air and steam under different conditions. 
There are certain primary forms, which obtain more or less 
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approximately in practice, and which are important as giving 
the curved outline of one side of the diagram of work done in a 
heat engine. At present we only point out what would happen if 
such diagrams were obtainable. 

As to the notation employed, let v be the volume of a unit of 
weight of the substance at the pressure/. 

The unit of pressure is always taken to be one pounds unless 
the contrary be expressed, and c has different values in the several 
cases. 

(i) There is hyberbolic expansion, given by the equation — 

which follows from Boyle's law, and was assumed by Watt as 
regulating approximately the expansion of steam in an engine. 
As we have seen, this equation represents a hyperbola whose 
asymptotes are at right angles. 

(2) In the case of heated air doing work behind the piston of 
an air engine, there is the curve of adiabatic expansion, following 
from the laws of Boyle and Charles and given by the equation 

pv^'f^^c. 

This curve has been drawn out roughly in the Text-book, and 
resembles the hyperbola in its general character. 

(3) In the case of superheated steam raised to such a tem- 
perature that it does not fall to the point of saturation during the 
expansion we have the curve 

(4) In the case of dry saturated steam, supposed to vary its 
heat so as to remain always dry and saturated, an approximate 
form of the curve of expansion is given by an equation adopted 
by Rankine, viz. 

It will be understood that this equation for the expansion curve 
is empirical. It is not deducible from any general law, but is the 
result of laborious computation. 

(5) The curve of adiabatic expansion of saturated steam is 
considered to be given approximately by the equation 
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Ex. 6. The volume of i lb. of saturated steam at a pressure 
of 6o'4 lbs. per sq. in. is 6*992 cubic feet Find its pressure after 
expanding five times : (i) According to the law of expansion of 
saturated steam ; (2) according to the adiabatic law ; (3) accord- 
ing to the law for a perfect gas. 

(i) P^v^-^PxV^ 

Here ir=l> and/i = 60*4 

••• P% = i2'o8 \A " = 10-924 

(2) Pip^^'^^ =/it'i^-^» 

/ 2 \ 'IS* 

whence /2= 12*08 ( — J = 97218 

(3) /2«'2^» =/i«'i^« 

whence /j = 60-4 Qj = 7'4534. 

17. Area of the expansion curve. — Inasmuch as all 
the above formulae are comprised in the 
general equation 

where x and y are rectangular co-ordi- 
nates, we shall proceed to find the area 
of a portion of this curve, as bounded by 
rectangular co-ordinates. Thus, let pq 
represent the expansion curve, o:c, oy^ 
being the rectangular co-ordinate axes. 

Take a point, p, in the curve, and let o n = jp, n p = j/, then 

Area = \ydx = fLif from x=za,tox^df 



N 
Fig. 5. 



I — « 



I — n ^ ^ 
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Let Px be the value of ^ when x^a^ 
Pi » J' I, « = ^- 

Then/i a = cc^-\ p^b — ch"-". 

/.area=-^'^~^^ 
« — I 

Ci^r. — If ji = I, the formula fails, and in that case, 
area = \ydx = j£-_^ ss ^log^c + a 

Taking the integral between the limits x = a, and :r =s ^, we havd 
Area = r{ log 3 — log a} =rlog-. 

18. Work done during the expansion of a gas.— It 

remains to find an expre^ion for the 
work done in a heat engine where the 
expansion proceeds according to the 
law/»*=r. 

Let the piston move through om 
= tf, under the constant pressure /i, 
and suppose the gas to expand ac- 
cording to the above law along the 
curve A B. 

Let o M = a, o N = ^, 

MA=:/i, NB =/^ 

Then work done =/. a ^Pl±IlPlt 

« — I 

I « — I « — I J 

Let?.= 1; then work done = 3/ _A^-.J?2_1 
or Lr(« — i)«— ij 

I^/w = mean pressure, we have work done ^p^b ; 




• 6 - /l^ - 

• • Fm ■- — 

of 
general formub fails, we have, 



r(« — i) « — I 
In the particular case of hyperbolic expansion, where the 
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Work done =/ia+r log -, and/itf=sr; 
a 

.% Work done ^p^a 1 1 + log ^ | 

=/ia {i+logr} 

=^^{i+logr}. 

Let /^ be the mean pressure, then work done —pjf \ 

or/^=-^[i + logr}. 

In applying these formula, it may be convenient to adopt the 
notation that a gas whose pressure is px and volume Vi expands to 
a pressure /2 <^<1 volume v^. In such a case 

work done = p^v^ {i +log r}, 
or =/iZ'i {i+logr}. 

Referring to the Text-book, we find 

work done in hyperbolic expansion of steam 



=^{. + ,0,.}. 



This is the same formula as that investigated above, for ^ = /, 
P •-/!• E = - = r, and a /is the same as Vx =z^. e. 

:. Work done ^PJH^ 1 1 +log e | 
= ^i«'i {i+logr}. 

It must be borne in mind that a back pressure (which call/^) 
usually detracts from the efficiency of the engine. 

Then work lost by back pressure =/*z'a ='^ x p^^it 

Pi 

••. Work done — p^^ < i -f log r—^ > , 
or =/,t;i |i+logr-^*j. 
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19. In applying the formula in the last article to the hyper- 
bolic expansion of steam, the successive steps in the calculation 
are brought together, and we shall verify the figures in the first 
line of the following table, leaving the rest as an exercise for the 
student. 

Data,— 

Initial pressure of steam = 100 lbs. per sq. in. (absolute). 
Back pressure = 3 lbs. 
Temperature of feed-water = 104® R 

Steam supposed to be dry at end of stroke. 

In compute expansion the steam expands to back pressure. 



Rate of 
expsuision 


Effective 
work per 
lb. steam 
in B.T.U. 


Pounds of steam per H.P. per hoar 


Heat ex- 
pended per 
H.P. pir 
minute 


Efficiency 


Cylinder 


Jacket 


Equivalent 
steam from 
feed«water 


Total 


r - 9 

r «I2 

Complete 


1553 
194-2 
213-8 
2198 
231-3 


16-5 
132 
I2-0 

II-7 
II'I 


I -18 
1-49 
1-64 

173 
2-19 


•94 
119 

^'^\ 
1-38 

174 


17-44 
14-39 
13-31 
1308 
12*84 


266-1 

245-9 
241-4 

237-4 


•132 
•161 
•174 



In the case of jacket steam it is to be remembered that the 
steam after condensation is taken as returned to the boiler in the 
form of water at boiler temperature. It follows that the heat 
expended in the jacket is less than the total heat of formation by 
the amount of heat required to raise the temperature of the feed- 
water to that of the boiler. Hence the amount of steam con- 
sumed in the jacket must be reduced so as to correspond with 
the amount which would have been produced from the heat given 
up in the jacket, if the same had been supplied directly to the 
feed- water. 

As before (Art. 10) the letter P will indicate pressure in pounds 
per square foot. 

Taking the formula, work done 

= Pa f 2 I I + log r — A I ; we have, 

Effective work per lb. | _ 144 ^ i^ x z; J i -f rogSG — 1. \ 
of steam m B.T.U. J772 3 l 100 J 
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Also, v^ al — lbs. = 13-5067 — 1-0682 

3 

s= 12-4385 cubic feet 

/. effective work = 155-3 b.t.u. 
Weight of working steam 1 _ 33000 x 60 g_ jg.- lUg 
per H.P. per hour J 155-3 x 772 

Also, let X =s weight of jacket-steam used per H.P. per hour, 
then :c L is the heat required to evaporate x lbs. of steam from 
the temperature of the boiler. 

The effect of the jacket-steam, so far as we are concerned 
with it, is to render the outline of the expansion curve an ordinary 
hyperbola. Another thing which we know definitely is the 
volume and pressure of the steam before expansion, and also 
after expansion. Hence we have fw>m first principles the follow- 
ing equations, the quantities of heat being expressed in thermal 
units, 

(Hi - H,) X 165 + *L = (P„ - P,) X ;^ X 16-5. 

772 

Also, from the table, 

temperature of steam at beginning of stroke = 327^-55 F. 

m n end „ = 255^-86 F. 

whence Hi = 1181-85 b.t.u. 

H8= 1159-957 B.T.U. 

L = 889-2 -5-4557 

= 883-7443 B.T.U. 

= 144 X 69-953 lbs. 
Substituting, we find ^ = 1-177 lbs. 
Also, ^'104 = 72 .-. H, — A'|04 = 1109- 85 



/.Heatexpendedl I r ^ 3 ^^ ^ gg 1 

perH.P.permm. J 60 1 ^ ^ ^ ** o t^t^ j 

= 322'547 B.T 
Efficiency = 



per H. P. per 

= 322'547 B.T.U. 

Effective work 



Heat expended 

i55'3 X 16-5 
165 X 1109-85 + 1*177 ^ 
•1324 
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Jacket-steam per H.P. per hour in ") __ I'ly; x 88^744 
pounds of steam from feed- water 5 1 109 '85 

«= '937 
Total weight of steam 1 /:.- , .^ . 
per H.P. per hour } = '^ 5 + '937 

= 17-437 lbs. 

20. Internal and external work done during the 
expansion of air. — ^The expansion of air according to the 
equation 

pjfz=zc 

will occur when heat is added to or taken from the mass of air 
according to circumstances. Taking this law of expansion, let /j, 
^1 )^i)/a> ^2} h$ be the initial and final values of/, v^ t 

Then external work done in expansion = f^iz£^^ 

But /a V, = R/j, /i Vx = R/, ; 

/. External work= ^ <^^ "" ^' ), 

Also, internal work =s c, {t%—t^9 

andc, = c^— R, y = ^. 

, I nternal work _ ^ /. ... r (/»— A) ^ i-« 
•• External work "" ^ ^ *"" '^ "^"F^ :p"i" 

For convenience, let internal work s= I, external work = E, 

I 1-/1 



then, 



E y- I 



Iq this formula y is always greater than unity, and n may have 
values which we now discuss. 

Let If be < I, then I is positive, 
Let If be > I, then I is negative. 

If I be positive, we infer that additional heat must be supplied, 
in order that internal work may be done upon the air, whereas U 

cc 
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I be negative, we infer that the internal work is in excess, and 
that a demand of some sort may be made upon it. 

In order to obtain a clear insight into the matter, it wiU be 
convenient to refer to the following diagrams, where a a' is the 
boundary line of the diagram of external work, and D d' is the 
boundary line of the diagram of internal work, whereby a a' b' b 
represents external work done, and d d' b' b represents internal 
work. 

W ^ (a) I ^ (3) 

V 

a: 






Fig. 7. 

(i) Let » be < i, then I is positive, and must be added to £» 
whence the shaded area a a' d' d in diagram (i) represents the 
whole heat required in order to obtain the expansion curve 

(a) Let n be > I, but < y. 

Then - is negative, and is a proper fraction ; 
hi 

or, the external work is greater than the internal work, i.e., the 
area a a' e b' is greater than the area d d' b' b, whence the shaded 
area in diagram (2) represents tlie amount of heat which must be 
supplied to produce the expansion curve. 

(3) Let « be > I and > y. 

Then = is negative, and is an improper fraction. 

It follows that the shaded area in diagram (3) now represents 
an amount of heat, which must be taken away in order to pro- 
duce the expansion curve. 
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(4) If « =3 y = 1*408, we have E = - I, which is the well- 
known case of adiabatic expansion, where the external work is 
derived from the intrinsic energy of the air, and no heat passes in 
or out by the ordinary processes of conduction or radiation. 

21. We are now in a position to determine generally whether 
heat must be imparted or taken away in order to produce any 
given expansion curve of air. 

In the diagram let p a represent the curve of isothermal or 
hyperbolic expansion, and p b the adiabatic curve. 

For PA we have/z^ = ^ where « = i. 
„ p B „ p^ ^Cy where « = y = i'4o8. 

(i) When p B is the expansion 
curve, no heat is supplied to the air. 

(2) When p A is the expansion 
curve, an amount of heat = p a m n 
must be supplied 

(3) For expansion curves between 
p A, p B, an amount of heat less than 
p A M N must be added. 

(4) For expansion curves above 
PA, an amount of heat in excess of p a m n must be imparted. 

(5) For expansion curves below p b, heat must be tdten away. 
For example, it is usually considered that in the mixture of 

gas and air supplied to a gas engine the ratio of the specific heats 

= 1-37. 

In the Lenoir engine, according to Tresca, the expansion 

curve is 

Here n is greater than the ratio of the specific heats, and it 
follows that heat must be abstracted, which is done by the water 
jacket. 

In the Otto engine, according to Slaby, the expansion curve is 

which in this case is the adiabatic curve for the mixture. This 
appears to show that combustion goes on during expansion. 

CO 2 
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32. We may put the heat expended in another form without 
the aid of a diagram, as follows : 

Internal work = c, ('2— 'i) 

Then heat imparted = internal work + external work 

^/2£iz/i£i+extemal work, 
y-i 

If heat imparted ==0, we have 

External work= ^''^'->^«'\ 
y-l 

which accords with the formula in Art 17. 

23. Absolute scale of temperature.— Hitherto, in all ther- 
mometers for measuring temperature, the nature of the substance 
employed, such as alcohol, mercury, or air, necessitates different 
scales for each degree of temperature — one scale for alcohol, 
another for mercury, and so on. It is, however, possible to suggest 
a method of graduation of a thermometer which shall be inde- 
pendent of the substance employed, and this was first done by 
Sir W. Thomson. It happens that the scale so selected is yery 
nearly coincident with that of an ordinary air thermometer, but it 
is proper to point out that in the present state of our knowledge it 
is not practically available. 

Referring to the diagram of energy in a heat engine, let o n = v^ 
v A=p, and let t be the temperature of the gas at the point a. 

Let A s, B R be two adiabatics, 
A B, D c two isothermals. 

Also let H = heat taken in expanding through a b at tempera- 
ture T, 
A = heat rejected in compressing through c d at temf- 
perature /. 
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Then 5 = :* (Art. 57, Text-book.) 
Also area A BCD = H — >^ = h (i— -V 
If T — /=i, we have area a b c d= ?. 

T 



That is to say, ? represents the 

work done in a perfect engine work- 
ing between the temperatures t and 
T— 1, and taking in a quantity of 
heat H at the temperature t. 

In blue manner, if we draw 
another isothermal s f, and take 
D c B F to represent the diagram 
of energy in a perfect engine work- 
ing between the temperatures / 
and /—I, we have 

area dcef =-. 




Fio. 9. 



But it has been shown that ? = - : hence if a d, d f, &c, each 

at 

correspond to intervals of i degree of absolute temperature, the 

respective amounts of work done, or the areas a b c d, d c s f, &c., 

will be severally equal to each other. 

H T 

The equation -7- = — also shows that the colder the refrigerator 
h t 

the greater the proportion of the heat, h, which the engine can 
convert into work. It is only when the temperature of the re- 
frigerator sinks to the zero point that the engine can convert the 
whole heat into work, and it thus becomes evident that the abso- 
lute zero of temperature may be defined with reference to the 
performance of a perfect engine capable of converting all the 
heat existing in a substance into work. 

In the Text-book we obtained the zero of so-called 'absolute 
temperature ' by supposing that the law of contraction of gases by 
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cooling obtained until the limit when the gas was deprived of the 
whole of its heat. 

We are now, as stated by Mr. Maxwell, enabled to reckon 
temperature from a zero point defined on thermodynamic 
principles independently of the properties of a selected substance. 

What we say is that in a reversible or perfect engine the ratio 
of the heat received to the heat rejected is that of the numbers 
expressing on an absolute scale the temperatures of the source of 
heat and of the refrigerator, or in other words : — 

The absolute values of two temperatures are to one another in 
the proportion of the heat taken in to the heat rejected in a perfect 
engine working with a source of heat at the higher temperature^ 
and a refrigerator at the lower temperature. 

An absolute scale so selected di/fers but slightly from that 
of the ordinary air thermometer. 

24. Whatever be the temperature of a substance, it can always 
be brought to a temperature / by adiabatic expansion or com- 
pression, and can then be brought to a state represented by the 
position of d by taking in or giving out heat at a temperature /, 
and if this operation be performed the ratio 

will be constant for every position of d in the curve a s. 

h 
The ratio - is termed the entropy of the substance, because 

it indicates a quality of the substance with reference to the 
transformation of heat into work, and the word isentropic is used 
as synonomous with adiabatic. It is usual to represent the 
entropy of a substance by the symbol ^. 

Where <^ is constant the transformation of heat into work can 
only occur in one way — viz., by adiabatic expansion. Also when 
a substance has completed a reversible cycle </<^ = o, or the 
entropy is the same as it was originally. 

We pass on to discuss the method of tabulating the volume 
of a given weight (say, one pound) of steam at any given tem- 
perature and pressure, and it may be useful in the first instance 
to call attention to the manner in which the density of gas is 
estimated. 

25. Comparison of densities. — In comparing the densities 
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of gases, we take the density of dry air at a given pressure and tern* 
perature as unity, and proceed as follows, adopting the well-known 
formulas 

p^yip (i+a/) for dry air, 
/ = /m // (1 + o/) for gas (a). 

Then M P ^ f^p'* 

p' p! 

L = il = D, suppose 



Thus the density of dry air = i 
„ „ oxygen = 1-1056 

„ „ hydrogen = '0692 

„ „ nitrogen = -9713 

„ „ chlorine = 2-4502 

and so for other gases. 

According to this measure, we have 

Density of dry saturated steam = •622. 

The density of dry saturated steam may also be determmed 
from the following empirical formulas, the first of which is due to 
Fairbaim : — 



(I) 
(2) 



Z^=r. -41 + 



/+-35 



(Fairbairn) 



/z;Tor = 475 



where/ is given in pounds per sq. inch. 

Clausius has obtained a formula for computing the density of 
steam at different temperatures, from which the following results 
are arrived at : — 





o» C. 


so^a 


ioo«a 


iSo^C 


aoooa 


D 


•622 


•631 


■645 


•666 


^698 



26. We proceed to apply the principles laid down in previous 
articles in order to calculate the density of saturated steam at a 
given volume and pressure. In the case of saturated steam, the 
isothermal lines are horizontal, and the quantity of heat required 
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to evaporate ilb. of water into steam at a given temperature is 
known from Regnault's formula. 

27. Calculation of the density of steam.— Let l be the 
latent heat of evaporation at temperature /. 

Also, let o- cubic feet of water become v cubic feet of steam at 
a pressure/ and temperature /. 

Let o jr, o>^ be lines of volume 
and pressure such that o n=9, a n 
=/. 

Draw A B, D C| two isothermals, 
at temperatures t and t^dt^ re- 
spectively. 

Further, draw the adiabatics a s, 
B R through A and B. 

Let q be the quantity of heat 
absorbed in passing from a to b ; 
^'°' '°* then ab is horizontal and repre- 

sents the increase of volume in passing from a to & It follows 
that 

^ — f N/ AB 
V-cr 

Also dq = area a bcd s= ab x^/. 
Now, by theory — ^=: --poxdq^q x^\ 

...ABX^/ = il2i±5x^ 
V — or V 

or^/ = -il-x^. 
^ V—cr t 

Hence v^-frsi^x-j-i 

t af 

which gives the volume of a given weight of steam in terms of /, 
/, and L. 

Aliter. Adopting the equation — sr _f , we have 
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dt ^ increment of heat 
/ total heat 

increment of work 



total work in evaporation 

L 

which is the same result as before. 

Taking the formula r — a* = - x 3-, let it be required to 

/ dp 

find the volume of one pound of steam, in cubic feet, at a pressure 
of 90 lbs. per sq. inch. 

Here/ = 90, /= (320 + 460*6) Fahrt very nearly. Now 
V and a are in cubic feet, / is in absolute temperature, and / must 
be expressed in pounds per square foot, also l must be expressed in 
foot pounds, and not in thermal units. 

Hence the value of dp in the tables should be multiplied by 
144, and the recorded value of l should be multiplied by 772. 

This being done, we have 

L = 889-3x772, 
^/= 1-273x144,^/= I, 

whence r-ir= 5fei<77? 



780*6 1-273 X 144 

= 47978 cubic feet 
/. V s= 47978 + '016 = 4*8138 cubic feet, 

which agrees very closely with the tabulated value The student 
will find that 

Fairbaim's formula gives, 9 = 4*716 cubic feet ; and the 

equation Ipv^ = 475 J gives, v = 4786 cubic feet 

28. Trials of engines. — ^The following results are taken 
from a paper by Mr. Mair, on the * Independent Testing of Steam 
Engines,' published in Proc. Inst Civ. Eng. for 1882. 

Taking the case of a compound cylinder engine, by Simpson 
& Co., having high and low pressure cylinders of 21 and 36 inches 
diameter and 5^ feet stroke, with an intermediate receiver and a 
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jet condenser. The general method adopted will be apparent 
from the investigation, and as to the indicator diagrams, they 
were taken every fifteen or twenty minutes, the results being 
compared so as to obtain mean diagrams, wherein the points of 
cut off and the pressures of admission and exhaust were carefully 
determined, the areas being read off by the planimeter. 

Datcu Boiler pressure = 76 lbs. (absolute.) 

Temperatiu-e of steam = 307*5® F. 
Time of trial = 6 hours. 
Total number of revolutions = 8,633. 
Number per minute = 23*98. 
Number of strokes per minute = 47 '96. 
Temperature of injection water = 50** F. 
Temperature of discharge = 73*4° F. 
Amount of feed-water = 12,032 lbs. 
Feed per stroke = -69694 lbs. 
Air pump discharge per stroke = 25*558 lbs. 
Water drained from jackets = 1,605 lbs. 
Mean atmospheric pressure = 1485 lbs. 
Ratio of expansion =13*61. 
Indicated H.P. ^127-4. 

Total H.P. (measured to line of pressure 

due to temperature of condenser) == 138*3. 

Loss per cent, from back pressure = 7*9. 

Volume of high pressure cylinder =13*02 cubic ft. 

Clearance to same = *2i5i cubic ft. 

Volume of low pressure cylinder = 38*66 cubic ft. 

Clearance to same = 1*035 cubic ft. 

Let M = amount of dry steam passing through engine per stroke. 
Mp = priming water. 
M; = effective condensation in jackets per stroke. 

Now, water drained from jackets = 1,605 lbs., and, from 
comparison with results by Hirn and others, it has been assumed 
by Mr. Mair that there is 4 per cent of priming-water in the 
steam supplied by the boilers. 
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On this assumption, 

M, = -?ix-i^ =-08925 lbs 
^ 100 17264 

next, to find m and m,^ we proceed as follows : — 

Feed to boilers during trial = 12032 lbs. 

Feed per stroke = 1?^ = -69694 lbs. 
^ 17264 ^ ^ 

But the average boiler delivery &= average boiler feed 

•*. M + Mp + M^ = '69694 lbs. 
or, M + B^ s= '69694 — '08925 = '60768 lbs. 

As before, we make the assumption that Mp is 4 per cent, of 

/. Mp = -1- X "60768 = "02430 lbs. 
100 

M = "6078 — "02430 = '58338 lbs. 

Let Q = quantity of heat (in thermal units) passing through 
the engine per stroke, supposing the supply of water from which 
the steam is produced to have been at 32° F. 

Then, q = m h + viji + m l. 

where h = 11 75 '97 from table by interpolation. 
h = 278-28 „ „ 

L= 902-2 „ „ 

whence q= "58338 x ii75'97 + '02430 x 278-28. 
+ '08925 x 897-69. 
= 686-04 + 676 + 8o-i2. 
= 772-92. 
Again, let Q| — quantity of heat passing off in the air-pump 
discharge. 

Inasmuch as the feed is taken from the hot well at the 
temperature of the air-pump discharge, we are really concerned 
with the value of q — Q|, where 

Q, = (m + Mp) (73"4 ~ 32). 
= -60768 X 4i"4. 
= 25-158. 

.*. Q - Qi = 772-91 - 25-158 = 7477S»- 
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Also, thermal units consumed per LH.P. per minute,' as 
calculated from the temperature of the air-pump discharge 

- 74775g X 47-96 
127-4 

= 2815. 

Again, let the coal be estimated (as was the fact) to yield 
11,000 thermal units per pound when burnt, then 
Number of pounds of coal per one HLP. per hour 

fc ^81 '5 X 60 
1 1000 

= i'53 lbs. 

Actual efficiency == — 33??? — 
' 772 X 281*5 

= •152 
Comparing this result with the performance of a perfect beat 
engine working between the temperatures of the boiler and the air- 
pump discharge, or between 307*5® F. and 73*4° F., we have 

Theoretical efficiency = — ^^^'^ ^ 
307*5 + 460 

753'S 
= •3" 

Whence the actual efficiency is 48 per cent of the theoretical 
efficiency, the more accurate result being 48*4 per cent 

There remains a comparison between the amount of steam as 
shown by the indicator diagrams and that already estimated as 
having passed through the engine during each stroke. 

The mean indicator diagram is set out in fig. 11, and we pur- 
pose examining the high pressure diagram with a view of estimating 
the quantity of steam which has been condensed into water at 
admission, so far as the data at our disposal enable us to infer this 
amount Take the point b where the steam is cut off, and where 
/ = 64 lbs. 

The volume of steam at this point is taken to be 2*961 cubic 
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feet, this number being deduced from the dimensions of the high 
pressure cylinder, and of the clearance space. 

PRESS. IN BOIL ER 76 LBS, 



ICALC;^ 




IM« 



ItSI 



4-57 



Fig. II. 

Then weight of i cubic foot of dry saturated steam at pressure 
64 lbs. = '1506 lbs. by the table. 

A weight of 2*961 cubic feet dry steam 
= 2-961 X '1506 
= -4392 lbs. 

Let M^ = weight of steam existing in the cylinder and clear- 
ance space when compression begins. 

The diagram shows that, when exhaust commences, the 
pressure of steam » 15*2 lbs. ; whereas, when compression com- 
mencesi the pressure of steam =15 lbs., and its volume is -^ of 
the volume when exhaust begins. 

Hence we have, very approximately, 

ic=r JLx^ X (M+M.+Mi), assuming that the steam re^ 
II 152 N F / 

mains in the same condition during exhaust 
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.\ M^ (1672-150)= 150 (M + Mj,) 
=s 150 X •60768 

.•.«.-^^^^^» -0599 lbs. 

Hence m+b^+m^ = '60768 +'0599 

s= '6675 lbs. 

It follows that the weight of dry saturated steam in the 
cylinder at the part of the stroke corresponding to B, as revealed 
by the indicator diagram, 

^ -4392 lbs., 

whereas the weight of dry saturated steam in the cylinder, as 
deduced from the air pump discharge, 

= -6675 lbs. 

The inference is that ('6675— '4392) or '2283 lbs. of steam 
have somehow disappeared as steam, and can, therefore, only 
exist as water. 

It is usual to* employ the expression * dryness fraction ' to 
indicate the ratio of the amount of dry saturated steam to the 
amount of steam and water in any given quantity of wet steam. 

In the present example we have 

dryness fraction == 5P^ = *66 
6675 

Drawing the horizontal line ab, produce it to c such that 
AB : AC =4392 : 6675 j then 

— = dryness fraction 

AC ^ 

= •66 
or A B = 2 B c, 

which result, as given by the data on which the estimation has 
proceeded, exhibits a very important deficiency of working steam. 
It must, however, be remembered that there already exists in the 
form of water 

M^+ water in clearance space. 
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But Mp = '02430 

iivater in clearance space = ^ m^ = '02995 

or Mp+ water in clearance space = -($2430 +'02995 

= -05425 

Hence weight of steam not accounted for after admission 
= -2283 --0543 = -1740 lbs. 

It is also inferred that 

Indicated work per stroke in high U 53.49 thermal units 

pressure cylmder J 

Same in low pressure cylinder = 60 '06 „ „ 

Total work per stroke = 113*55 « » 

Consumption of steam per I.H.P. per hour = 14*84 lbs. 

29. The most recent recorded trial has been that carried out 
by a committee of the Inst Mech. Eng., an account of which is 
published in the Proceedings for May, 1889. 

The vessel was the ss. * Meteor/ of about 2,000 tons, and 
2,000 H.P. The engines were triple expansion. The object of 
the trial was to measure the coal consumed, the water converted 
into steam, and the indicated horse-power, and so far the trial was 
interesting, although the observations afforded little scope for 
theoretical conclusions. 

Data, Voyage from Leith to London : — 

Time occupied by trial =17 hrs. 6 mins. 

Mean speed of vessel = 14*6 knots per hr. 

No. of revolutions = 73»65o 

No. per minute = 7i'78 
Mean temperature of boiler steam = 363® F. 

Mean pressure „ = 145*2 lbs, (absolute) 

Mean admission pressure = 134*4 lbs. 

Mean atmospheric pressure = 14*9 lbs. 

Supply of feed- water = 5 1 2, 150 lbs. 

Supply per hour = 29,860 lbs. 

Supply per revolution = 6 93 lbs. 

Temperature of feed = 163*1** F. 
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Quantity of feed water per LH.P. 

per hour = 14*98 lbs. 
Heat given to feed- water per 

LH.P. per minute as 365*6 thermal units. 

The temperature of water in hot well was not observed, but it 
was estimated that the temperature of the condensed steam was 
120® R, and the feed- water was heated up to 163° F. after leaving 
the hot well 

There were two boilers, each double ended, the total number 
of furnaces being 12. The boilers were of steel, and had a 
length of 16 ft, with a diameter of 13^ ft 

The calorific value of the coal was estimated at 12,790 thermal 
units per lb. 

The coal used amounted to 68,693 lbs. 

Actual consumption per hour s 4,005 lbs. 
Consumption per LH.P. per hour = 2*01 lbs. 
Temperature of waste gases = 791^ F« 

Pressure shown by water gauge = -f^ inch. 

The rate of evaporation was 7*46 lbs. Yrzitt per 1 lb. coal, from 
feed- water at 163° F. to steam at 363** F. 

The mean effective pressures in the different cylinders (in 
pounds per square inch) were the following : — 



Cylinder 


Top 


Bottom 


Mean 


High pressure . « 
Intermediate • • 
Low pressure • • 


60*10 

2047 
12-22 


56-82 
18-54 
12-55 


5846 

19-50 
12-38 


The corresponding 

I 
I 

I 
1 


indicated hor 
iigh pressure a 
ntermediate = 
.ow pressure = 
rotalLH.P. = 


se-powers bein 

= 662 

= 507 
= 825 

= 1,994 


g 



The actual heat received by the feed-water per mmute was 
estimated at 528,700 thermal units, which is 62 per cent of the 
total nominal calorific value of the fuel burnt per minute — ^viz,, 
853,900 thermal units. 



Triab of Engines. 



43 



Taking the engine as perfect, and working between the 
363® F. and 120** F., we have 

Theoretical efficiency = ?^ 
523 

= •295 

But heat received by feed- water per minute 

&= 528,700 thermal units. 

/• Theoretical work done = 150,9665- thermal units. 

Heat converted into work = 85,240 „ „ 

Actual efficiency s= *i6i, 

or actual efficiency = 54*6 per cent of that given out by a perfect 
engine working between the same temperatures. 

By careful measurement of the indicator diagrams the follow- 
ing results have been obtained : — 





Weight of steam 
per revolution 


PercenUge of 
total feed 


Percentage in 
jackets or not 
accounted for 


High pressure cylinder 
after cut off 


5-31 


77-1 


22-9 


Intermediate cylinder, 
22 lbs. above atmo- 
sphere 


S-56 


8o-2 


19-8 


Low pressure cylinder, 
4 lbs. below atmo- 
sphere 


5-22 


75-3 


217 



In the discussion on the paper the President called attention 
to the fact that the table showed more steam in the second 
cylinder than there had been in the first, and asked for an ex- 
planation, but none could be given. It appeared, however, that 
in the high-pressure diagram the steam was measured at about 
57 per cent of the stroke, and in the other two cylinders at 
about 82 per cent thereo£ 
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TABLE I. 

From Dixon's table {in inches of mercury^ true for latitude 
of Dublin, 



Temp. 
F. 


Press, in 
lbs. per sq. in. 




H 


L 


V 


dp 


Thermal 


Thermal 


Thermal 








units 


units 


units 


32 


•0889 


•00416 


1091-7 


1091-7 





41 


'1 263 


•00490 


1094-4 


1085-4 


9 


50 


•1771 


'00662 


1097-2 


1079-2 


18 


59 


•2455 


•00883 


1099-9 


10730 


27 


68 


•3361 


•01 164 


1102-7 


1066-7 


36 


77 


•4551 


•01520 


1 105 -4 


1060-4 


45 


86 


•6097 


'01963 


1 108 '2 


1054-2 


54^o 


95 


•8084 


•02507 


1 1 10-9 


1047-9 


63-0 


104 


I •061 


•03176 


IH3-7 


1041-6 


72-0 


"3 


1-380 


•039S3 


1 1 16-4 


1035-4 


8i-o 


122 


1-778 


•04944 


III9-I 


1029-1 


90-1 


131 


2-270 


•06100 


1121*9 


1022*8 


99-1 


140 


2-876 


•07456 


1124-6 


1016-5 


1081 


149 


3-612 


•09044 


1127-4 


1010-2 


117-1 


158 


4-504 


•10906 


1 130-1 


1004-0 


I26'2 


167 


5'S75 


•13050 


1132-9 


997-7 


135-2 


176 


6-853 


•155" 


"35-6 


991-4 


144-3 


18s 


8-367 


•18317 


1138-4 


985-1 


1533 


194 


10-15 


•21572 


1141-1 


9787 


162-4 


203 


12-25 


•25222 


"43'9 


972-4 


17 1 -5 


212 


14-69 


•29278 


1146-6 


966-1 


180-5 


221 


17-52 


•33833 


"49*3 


959*7 


189-6 
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Temp. 
F. 


Press, in 
lbs. per sq. ixL 




H 


L 


V 


dp 


Thermal 


Thermal 


Thermal 








units 


miits 


units 


230 


2078 


•38944 


I152-I 


953-4 


1987 


239 


24-53 


•4461 1 


1 154-8 


947-0 


207-8 


248 


28-81 


-50944 


1157-6 


940-7 


316-9 


257 


3370 


-57889 


1 160-3 


934-3 


226*0 


266 


39*23 


•65444 


1163-1 


9279 


235*2 


275 


45-48 


-73778. 


1 165 -8 


921-5 


2443 


284 


52-51 


•82833 


II68-6 


915-0 


253-5 


293 


60-39 


•92722 


1171-3 


9086 


2627 


302 


69*20 


1-03389 


1174-1 


902-2 


271-9 


3" 


79-00 


I -14889 


1176-8 


895-7 


281 -I 


320 


8988 


1-27222 


1179-5 


8893 


290-3 


329 


101-9 


1*40667 


1182-3 


8828 


299*5 


338 


115-2 


1-55000 


1185-0 


876-3 


308-8 


347 


129-8 


X -70000 


1187-8 


869-8 


318-0 


356 


145-8 


I-86III 


1190-5 


863-2 


327*3 


36s 


163-3 


2-03889 


"93*3 


8567 


336*6 


374 


182-5 


2-22222 


1 196-0 


850-1 


345*9 


383 


203-3 


2*41111 


1 198-8 


843-5 


355*2 


392 


225-9 


2-61III 


1201-5 


837-0 


364*5 


401 


250-3 


2-82778 


1204-2 


830-4 


373*9 


410 


276-8 


3-05556 


1207-0 


823-7 


383*3 


419 


305-3 


3-28889 


12097 


817-1 


392*6 


428 


336-0 


3-4IIII 


1212-5 


8104 


402-0 



N.6.— The entries in Dixon are multiplied by -4912, to convert inches of 
mercury into pressure in lbs. per sq. inch, i.e. by the weight of a cubic inch 
of mercury at 32® F. 
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Tie Steam Engine, 
TABLE III. 



Temp. P. 
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400 


8-748 


4'373 


375 


9130 


4-137 
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3-888 


3»S 


9949 
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10-440 


3-416 
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10-933 


3-164 
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11-456 


2-904 
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13-082 


2-648 


200 


13-690 


2-366 
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13-381 
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1-772 
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15030 
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100 


15-881 
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regions of the world, represented at the Paris Universcul Ebcposi- 
tion. 8vo, cloth $2.00 

BLAKESLEY, T. H. Alternating Currents of Electricity. 

For the use of Students and Engineers. Third Edition, enlarged. 
12mo, cloth $1 .60 
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BLYTH, A. W., H.R.C.S., F.C.S. Foods: Their Com- 
position and AnalysiB. A Manual for the use of Analytical 
Chemists, with an Introductory Eaa&y on the History of Adultera- 
tions. With numerous tables and illustrations. Fifth Edition, 
thoroughly revised, enlarged and rewritten. 8vo, cloth $7 . 50 

Poisons: Their Effects and Detection. A Manual 

for the lise of Analytical Chemists and Experts, with an Intro- 
ductory Essay on the Growth of Modem Toxicology. Third 
Edition^ revised and enlarged. 8vo, cloth $7 . 60 

BODMER, G. R. Hydraulic Motors and Turbines. For 

the use of Engineers, Manufacturers and Students. Third Edi^ 
tion, revised and erUarged, With 192 illustrations. 12mo, 
cloth $5.00 

BOILEAU, J. T. A New and Complete Set of Traverse 

Tables, showing the Difference of Latitude and Departure of 
every minute of the Quadrant and to five places of decimals. 
8vo, doth $5.00 

BONNEY, G. E. The Electro-platers' Handbook. A 

Manual for Amateurs and Young Students of Electro-metallurgy. 
60 illustrations. 12mo, cloth $1 .20 

BOTTOREi S. R. Electrical Instrument Making for 

Amateurs. A Practical Handbook. With 48 Illustrations. 
Fifth Edition, revised, 12mo, cloth 50 

Electric Bells, and All About Them. A Practical 

Book for Practical Men. With more than 100 Illustrations. 
Fovrth Edition, revised and enlarged. 12mo, cloth 60 

• Electro-motors: How Made and How Used. A 

Handbook for Amateurs and Practical Men. Second Edition. 
12mo, cloth 75 

BOURRY, E. Treatise on Ceramic Industries. A Complete 

Manual for Pottery, Tile and Brick Works. Translated from 
the French by Wilton P. Rix. With 323 figures and illustrations. 
8vo, doth, illustrated net,%S.QQ 

BOWy R. H. A Treatise on Bradne. With its applica- 
tion to Bridges and other Structures of Wood or Iron. 156 illus- 
trations. 8vo, doth $1 . 60 

BOWIEy AUG. J.y Jr.y H.E. A Practical Treatise on 

Hydraulic Mining in California. With Description of the Use 
and Construction of Ditches, Flumes, Wrought-iron Pipes and 
Dams; Flow of Water on Heavy Grades, and its Apf^icabiUty, 
under High Pressure, to Mining. Ninth Edition, Small quarto, 
doth. Illustrated $5.00 
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BOWKER, Wm. R. Dynamo, Motor and Switchboard 

Circuits. For Electrical Enffineers. A practical book, dealing 
with the subject of Direct, Alternating, and Polyphase Currents. 
With over 100 diagrams and engravings. 8vo, doth. . net, $2.25 

BOWSERy E. A., Prof. An Elementaiy Treatise on 

Analytic Geometry. Embracing Plane Geometry, ^nd an Intro- 
duction to Geometry of three l3imensions. Twenty-first Edition. 
12mo, cloth $1 .76 

An Elementaiy Treatise on the Differential and 

Integral Calculus. With numerous examples. Ttoentielh Edition. 
12mo, cloth $2.25 

An Elementary Treatise on Analytic Mechanics. With 

numerous examples. Sixteenth Edition. 12mo, cloth $3.1)0 

An Elementary Treatise on Hydro-mechanics. With 

numerous examples. Fifth Edition. 12mo, cloth $2 . 50 

A Treatise on Roofs and Bridges. With Numerous 

Exercises, especially adapted for school use. 12mo, cloth. 
Illustrated net, $2.25 

BRASSEY'S Naval Annual for 1904. Edited by T. A. 

Brassey. With numerous full-page diagrams, half-tone illustra- 
tions and tables. Eighteenth year of publication, ^vo, cloth, 
illustrated net, $6.00 

BRAUN, E. The Baker's Book: A Practical Handbook 

of the Baking Industry in all Countries. Profusely illustrated 
with diagrams, engravings, and full-page colored plates. Trans- 
-lated into English and edited by Enail Braun. Vol. I., Svo, 

cloth, illustrated, 308 pages $2.50 

Vol. II. 363 pages, illustrated $2.50 

British Standard Sections. Issued by the Engineering 

Standards Committee, Supported by The Institution of Civil 
Engineers, The Institution of Mechanical Engineers, The Institu- 
tion of Naval Architects, The Iron and Steel Institute, and The 
Institution of Electrical Engineers. Comprising 9 plates of 
diagrams, with letter-press and tables. Oblong pamphlet, 
Six 15 $1.00 

BROWN, WM. N. The Art of Enamelling on Metal. With 

figures and illustrations. 12mo, cloth, illustrated tiet, $1 .00 

Handbook on Japanning and Enamelling, for Cycles, 

Bedsteads, Tinware, etc. 12mo, cloth, illustrated net, $1 . 50 
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BROWN, WH. N. House Decorating and Painting. With 

Numerous illustrations. 12mo, cloth nei, $1 . 50 

History of Decorative Art. With Designs and Illus- 

tratioDS. 12mo, cloth netf $1 . 25 

Principle and Practice of Dipping, Burnishing, Lac- 
quering and Bronzing Brass Ware. 12mo, cloth net, $1 . 00 

Workshop Wrinkles for Decorators, Painters, Paper- 

Hangers and Others. 8vo, cloth net, $1 . 00 

BUCHANAN, E. E. Tables of Squares. Containing the 

square of every foot, inch, and sixteenth of an inch, between one 
sixteenth of an inch and fifty feet. For Engineers and Calcu- 
lators. 16mo, oblong, cloth $1 .00 

BURGH, N. P. Modem Marine Engineering, Applied to 

Paddle and Screw Propulsion. Consisting of 36 colored plates, 
259 practical woodcut illustrations and 403 pages of descriptive 
matter. The whole being an exposition of the present practice 
of James Watt & Co., J. A G. Rennie, R. Napier & Sons, and 
other celebrated firms. Thick quarto, half morocco $10 . 00 

BURT, W. A. Key to the Solar Compass, and Surveyor's 

Companion. Comprising all the rules necessary for use in the 
field; also description of the Linear Surveys and Public Land 
System of the United States, Notes on the Barometer, Sugges- 
tions for an Outfit for a Survey of Four Months, etc. Seventh 
Edition. Pocketsize, fullleather $2.50 

CAMPIN, F. On the Construction of Iron Roofs. A 

Theoretical and Practical Treatise, with woodcuts and plates of 
roofs recently executed. 8vo, cloth $2.00 

CARTER, £. T. Motive Power and Gearing for Elec- 
trical Machinery. A treatise on the Theory and Practice of the 
Mechanical Equipment of Power Stations for Electrical Supply 
and for Electric Traction. 8vo, cloth, illustrated $5 . 00 

CATHCART, WM. L., Prof. Machine Design. Part I. 

Faatenings. 8vo, cbth, illustrated net, $3 .00 

and CHAFFEE, J. I. Course of Graphic Statics Applied 

to Mechanical Engineering In Press, 

CHAMBER'S MATHEMATICAL TABLES, consisting of 

Logarithms of Numbers 1 to 108,000, Trigonometrical, Nautical 
and other Tables. New Edition. 8vo, cloth $1 .75 
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CHARPERTIERy P. Timber. A Comprehensive Study 

of Wood in all its Aspects, Commercial and Botanical. Show- 
ing the Different AppLications and Uses of Timber in Various 
Trades, etc. Transhit^ into English. Svo, cloth, illus. . . net, $6 . 00 

CHAnVENETy W., Prof. New Hetliod of Correcting 

Lunar Distances, and Improved Method of Finding the Error 
and Rate of a Chronometer, by Equal Altitudes. 8vo,cioth. $2.00 

CHILD, C. T. The How and Why of Electricity. A 

Book of Information for non-technical readers, treating of the 
Properties of Electricity, and how it is generated, handled, con- 
trolled, measured and set to work. Also explaining the opera- 
tion of Electrical Apparatus. 8vo, cloth, illustrated 91 .00 

CHRISTIE, W. W. Chimney Deugn and Theory. A 

Book for Engineers and Architects, with numerous half-tone 
illustrations and plates of famous chinmeys. Second Edition, 
revised, 8vo, cloth $3 . 00 

Furnace Draft : its Production by Mechanical Methods. 

A Handy Reference Book, with figures and tables. 16mo, limp 
cloth, illustrated 50 

Boiler-waterSy Scale^ Corrosion, Foaming In Press. 

CLAPPERTONy 6. Practical Paper-making. A Manual 

for Paper-nuJcers and Owners and Bianagers of Paper Mills, to 
which is appended useful tables, calculations, data, etc., with 
illustrations reproduced from micro-photographs. 12mo, doth, 
illustrated $2.60 

CLARK, D. K., C.E. A Manual of Rules, Tables and 

Data for Mechanical En^neers. Based on the most recent inves- 
tigations. Illustrated with numerous diagrams. 1012 pages. 8vo, 

cloth. Sixth Edition $6.00 

Half morocco $7.60 

Fuel: its Combustion and Economy; consisting of 

abridgments of Treatise on the Combustion of Coal. By C. W. 
Williams, and the Economy of Fuel, by T. S. Prideaux. With 
extensive additions in recent practice in the Combustion and 
Economy of Fuel, Coal, Coke, Wood, Peat, Petroleum, etc. 
Fourth Edition, 12mo, cloth $1 .60 

The Mechanical Engineer's Pocket-book of Tables, 

Formuls, Rules and Data. A Handy Book of Reference for 
Daily Use in Engineering Practice. 16mo, moroooo. Fifth 
Edition, carefully revieed throughout $3 .00 
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CLARK, D. K.y C.E. Tramways: Their Construction and 

Working. Embracmg a comprehensive history of the system, with 
accounts of the various modes of traction, a description of the 
varieties of roUins stock, and ample details of Cost and Workine 
Expenses. Second Edition, rewritten and qreatly enlarged, wim 
upwards of 400 illttstrationa. Thick 8vo, doth S9.00 

CLARK, J. M. New System of Laying Out Railway Turn- 
outs instantly, by inspection from tables. 12mo, cloth. . . $1 .00 

CLAUSEN-THUE, W. The A B C Universal Commercial 

Electric Telegraphic Code; speciaUv adapted for the use of 
Financiers, Merchants, Shipowners, Brokers, Agents, etc. Fovrth 

Edition. 8vo, cloth S6.00 

Fifth Edition of same $7.00 

* The A 1 Universal Commercial Electric Telegraphic 

Code. Over 1240 pages and nearly 90,000 variations. 8vo, 
cloth $7.60 

CLEEMANNy T. H. The Railroad Engineer's Practice. 

Being a Short but Complete Description of the Duties of the 
Young Engineer in Preliminary ana Location Surveys and in 
Construction. Fourth Edition, revised and enlarged. Illustrated. 
12mo, doth $1 . 50 

CLEVENGER, S. R. A Treatise on the Method of Gov- 
ernment Surveying as prescribed by the U. S. Congress and Com- 
missioner of the General Land Office, with complete Mathemati- 
cal, Astronomical, and Practical Listructions for the use of the 
Umted States Surveyors in the fidd. 16mo, morocco $2 . 5o 

CLOUTH, F. Rubber, Gutta-Percha, and Balata. First 

fkiglish Translation with Additions and Emen<lations by the 
Author. With numerous' figures, tables, diagrams, and folding 
plates. 8vo, cloth, illustratedf net, $5.00 

COFFIN, J. H. C.y Prof. Navigation and Nautical Astron* 

omy. PrejDared for the use of the U. S. Naval Academy. New 
EdUion. Revised by Commander Charies Belknap. 52 woodcut 
illustrations. 12mo, doth net, $3.50 

COLE, R. S.9 HA. A Treatise on Photographic Optics. 

Being an account of the Principles of Optics, so far as they ap 
to photography. 12mo, cloth, 103 illus. and folding plates. .$2 

COLLINS, J. E. The Private Book of Useful Alloys and 
Memoranda for Goldsmiths, Jewelers, etc. ISmo, doth 50 
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COREY. Water-supply Engineering. Fully illustrated. 

8vo, cloth In Press, 

COOPERy W. R.y M.A. Primary Batteries: Their Con- 
struction and Use. With numerous figures and diagrams. 8vo, 
cloth, Ulustrated ne/, $4.00 

CORNWALL, H. B., Prof. Manual of Blow-pipe Analysis, 

Qualitative and Quantitative. With a Complete System of 
Determinative Mineralogy. 8vo, cloth, with many illustra- 
tions $2.50 

COWELL, W. B. Pure Air, Ozone and Water. A Prac- 
tical Treatiae of their Utilization and Value in Oil, Grease, Soap. 
Paint, Glue and other Industries. With tables and figures. 
12mo, cloth, illustrated ne^, $2.00 

CRAIG, B. F. Weights and Measures. An Account of 

the Decimal System, with Tables of Conversion for Commercial 
and Scientific Uses. Square 32mo, limp cloth 50 

CROCKER, F. B., Prof. Electric Lighting. A Practical 

Exposition of the Art. For use of Engineers, Students, and 
others interested in the Installation or Operation of Electrical 
Plants. Vol. I. The Generating Plant. New EdUion, thoroughly 

revised and rewritten. 8vo, cloth, illustrated In Press. 

Vol. II. Distributing Systems and Lamps. Second Edition. Svo, 
cloth, illustrated $3.00 

and WHEELER, S. S. The Practical Management 

of Dynamos and Motors. Fifth Edition (Sixteenth Thousand), re- 
vised and enlarged. With a special chapter by H. A. Foster. 
12mo, cloth, illustrated. $1 .00 

CROSSEIEY, L. R. Elementaiy Perspective: Arranged to 

meet the requirements of Architects and Draughtsmen, and of 
Art Students preparing for the elementary examination of the 
Science and Art Department, South Kensmgton. With numer- 
ous full-page plates and diagrams. Svo, cloth, illustrated . . $1 .00 

and THAW, J. Advanced Perspective, involving the 

Drawing of Objects when placed in Oblique Positions, Shadows 
and Reflections. Arranged to meet the requirements of Archi- 
tects, Draughtsmen, and Students preparing for the Perspective 
Examination of the Education Department. With numerous full- 
page plates and diagrams. Svo. cloth, illustrated $1 . 60 

DAVIES, E. H. Machinery for Metalliferous Mines. 

A Practical Treatise for Mining Engineers, Metallui^tn and 
Managers of Mines. With upwards of 400 illustrations. Second 
Edition, rewritten and enlarged. Svo, cloth net, $8 . 00 
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DAVIESy D. C. A Treatise on Metalliferous Minerals and 

Mining. Sixth Edition, thoroughly reviaed and much enlarged by his 
son. 8yo, cloth net, $5.00 

Mining Machinery. In Press, 

DAVISON, G. C, Lieut Water-tube Boilers In Press, 

DAY, C. The Indicator and its Diagrams. With Chap- 
ters on Engine and Boiler Testing; including a Table of Piston 
Constants compiled by W. H. Fowler. 12mo, cloth. 126 illus- 
trations $2.00 

D£ LA COTTX, H. The Industrial Uses of Water. With 

numerous tables, figures, and diagrams. Translated from the 
French and revised by Arthur Morris. 8vo, cloth net, $4 . 50 

DENNY, G. A. Deep-level Mines of the Rand, and their 

future development, considered from the commercial point of 
view. With folding plates, diagrams, and tables. 4to, cloth, 
illustrated net, $10.00 

DERR, W. L. Block Signal Operation. A Practical 

Manual. Pocket Size. Oblong, doth. Second Edition $1 .50 

DIBDIN, W. J. Public Lighting by Gas and Electricity. 

With tables, diagrams, engravings and full-page plates. 8vo, 
cloth, illustrated net, $8.00 

Purification of Sewage and Water. With tables, 

engravings, and folding plates Third Edition, revised and 
enMrged. Svo, doth, illus. and numerous folding plates. ... $6.50 

DIETERICH, K. Analysis of Resins, Balsams, and Gum 

Resins: their Chemistry and Pharmacognoeis. For the use of 
the Scientific and Technical Research Chemist. With a Bibliog- 
raphy. Translated from the German, by Chas. Salter. Svo. 
cloth net, $3.00 

DIXON, D. B. The Machinist's and Steam Engineer's 
Practical Calculator. A Compilation of Useful Rules and Prob- 
lems arithmetically solved, together with General Information 
applicable to Shop-tools, MUl-gearing, Pulleys and Shafts, Steam- 
boilers and Engines. Embracing valuable Tables and Instruc- 
tion in Screw-cutting, Valve and Link Motion, etc. Third Edition. 
16mo, full morocco, pocket form $1 . 25 

DOBLE, W. A. Power Plant Construction on the Pacific 

Coast In Press. 
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DODD, GEO. Dictionary of ManufactuieSy Mining, Ma- 

chinery, and the Industrial Arts. 12mo, cloth $1 . 50 

DORR, B. F. The Surveyor's Guide and Pocket TaUe- 

book. Fifth Edition, thamughly revised and greatly extended. 
With a second appendix up to date. 16mo, morocco flaps. . $2 . 00 

DRAPER, C. H. An Elementary Text-book of Light, 

Heat and Sound, with Numerous Examples. Fourth Edition, 
12mo, cloth, illustrated $1 .00 

Heat and the Principles of Thermo-dynamics. With 

many illustrations and numericcd examples, l^o, cloth. . . $1 . 50 

DYSON, S. S. Practical Testing of Raw Materials. A 

Concise Handbook for Manufacturers, Merchants, and Users of 
Chemicals, Oils, Fuels, Gas Residuals and By-products, and 
Paper-making Materials, with Chapters on Water Analysis and 
the Testing of Trade Effluents. 8vo, cloth, illustrations, 177 
pages net, $5.00 

EDDY, H. T., Prof. Researches in Graphical Statics. 

Embracing New Constructions in Graphical Statics, a New General 
Method in Graphical Statics, and the Theory of Internal Stress 
in Graphical Statics. 8vo, cloth 91 . 50 

Maximum Stresses under Concentrated Loads. 

Treated graphically. Illustrated 8vo, cloth $1 . 50 

EISSLER, M. The Metallurgy of Gold. A Practical Treatise 

on the Metallurgical Treatment of Gold-bearing Ores, including 
the Processes of Concentration and Chlorination, and the Assay- 
ing, Melting and Refining of Gold. Fifth Ediium, revised and 
greatly enlarged. Over 300 illustrations and numerous folding 
plates. Svo, cloth S7.50 

The Hydro-Metallurgy of Copper. Being an Account 

of processes adopted in the Hydro-metallurgical Treatment of 
Cupriferous Ores, including the Manufacture of Copper Vitriol. 
With chapters on the sources of supply of Copper and the Roasting 
of Copper Ores. With numerous diagrams and figures. Svo, 
cloth, illustrated fwrf, S4.60 

' The Metallurgy of Silver. A Practical Treatise on the 

Amalgamation, Roasting and Lixiviation of Silver Ores, including 
the Assaying, Melting and Refining of Silver Bullion. 124 
illustrations. Second fJdition, enlarged. Svo, cloth $4.00 
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EISSLER, M. The Metallurgy of Argentiferous Lead. A 

Practical Treatiae on the Smelting of Silver-Lead Ores and the Re« 
fining of Lead Bullion. Including Reports on Various Smelting 
Establishments and Descriptions of Modem Smelting Furnaces and 
Hants in Europe and America. With 183 illustrations. 8vo. 
doth S6.00 

Cyanide Process for the Extraction of Gold and its 

Practical Application on the Witwatersrand Crold Fields in South 
Africa. Third Edition^ revised and enlarged. Illustrations and 
folding plates. 8vo, cloth S3. 00 

A Handbook on Modem Explosives. Being a Prac- 
tical Treatise on the Manufacture and Use of Dynamite, Gun- 
cotton, Nitroglycerine, and other Explosive Compounds, in- 
cluding the manufacture of Collodion-cotton, with chapters on 
Explosives in Practical Application. Second Edition, enlarged 
urith 150 iUustratums, 12mo, cloth $5.00 

ELIOT, C. W.y and STORER, F. H. A Compendious 

Manual of Qualitative Chemical Analysis. Revised with the co- 
operation of the authors, by Prof. William R. Nichols. Illus- 
trated. Twentieth Edition, newly revised by Prof. W. B. Lindsay, 
12mo, cloth net, $1.25 

ELLIOT, 6. H., Maj. European Light-house Systems. 
Being a Report of a Tour of Inspection made in 1873. 51 en- 
gravings and 21 woodcuts. 8vo, cloth 95. 00 

ERFURT, J. Dyeing of Paper Pulp. A Practical Treatise 

for the use of paper-makers, paper^tainers, students and others, 
With illustrations and 157 patterns of paper dyed in the pulp, 
with formulas for each. Iranslated into English and edited, 
with additions, by Julius Hiibner, F.C.S. 8vo, doth, illus- 
trated net, S7.50 

EVERETT, J. D. Elementary Text-book of Physics. 

Illustrated. Seventh Edition, 12mo, cloth SI .50 

EWIN6, A. J., Prof. The Magnetic Induction in Iron 

and other metals. Third EdUion, revised, 159 illustrations. 
8vo, cloth $4.00 

FAIRIE, J., F.6.S. Notes on Lead Ores: Their Distribu- 
tion and Properties. 12mo, cloth SI .00 

Notes on Pottery Clays: The Distribution, Properties, 

Uses and Analysis of Ball Clays, China Clays and China Stone. 
With tables and formula. 12mo, cloth $1 .50 
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FANniNG, J. T. A Practical Treatise on Hydraulic and 

Water-«upply Engineering. Relating to the Hydrology, Hydro- 
dynamics and Practical Construction of Water-works in North 
America. 180 illus. 8vo, cloth. Fifteenth Edition, revised, en- 
larged, and new tables and illitstratians added. 650 pp $5.00 

FAY, I. W. The Coal-tar Colors: Their Origin and Chem- 
istry. 8yo, cloth, illustrated In Press, 

FISH, J. C. L. Lettering of Working Drawings. Thir- 
teen plates, with descriptive text. Oblong, 9X12}, boards . $1 . 00 

FISHER, H. K. C, and DARBY, W. C. Students' Guide 

to Submarine Cable Testing. Third (new and enlarged) Edi- 
tion. 8vo, cloth, illustrated S3. 60 

FISHER, W. C. The Potentiometer and its Adjuncts. 

8vo, cloth S2.25 

FISEJS, B. A., Lieut., n.S.N. Electricity in Theory and 

Practice ; or, The Elements of Electrical Engineering. Eighth 
Edition. 8vo, cloth $2.60 

FLEISCHMARIY, W. The Book of the Dairy. A Manual 

of the Science and Practice of Dairy Work. Translated from 
the German, by C. M. Aikman and R. Patrick Wright. 8vo. 
cloth $4.00 

FLEMING, J. A., Prof. The Alternate-current Trans- 
former in Theory and Practice. Vol. I., The Induction of Electric 
Currents; 611jpaffe8. iVeu; J^di^um, illustrated. 8vo, cloth, $5.00 
Vol. II., The Utilization of Induced Currents. Illustrated. 8vo, 
cloth $5.00 

Centenary of the Electrical Current, 1799-1899. 

8vo, paper, illustrated 60 

Electric Lamps and Electric Lighting. Being a 

course of four lectures delivered at the Royal Institution, April- 
May, 1894. 8vo, cloth, fully illustrated $3 .00 



Electrical Laboratory Notes ani Forms, Elementary 

and Advanced. 4to, cloth, illustrated $5.00 

A Handbook for the Electrical Laboratory and Test- 
ing Room. 2 volumes. 8vo, cloth each $5.00 

FLEURY, H. The Calculus Without Limits or Infinitesi- 
mals. Translated by C. O. Mailloux In Press. 
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FOLEY, N., and PRAY, THOS., Jr. The Mechanical 

Enginsen' Reference Book for Machine and Boiler Construction, 
in two parts. Part 1 — General Engineering Data. Part 2— 
Boiler Construction. With 51 plates and numerous illustrations, 
specially drawn for this work. Folio, half morocco $25.00 

FORNEY, M. N. Catechism of the LocomotiYe. Second 

Edition, revised and enlarged, 46th thousand, ^o, cloth . . S3 . 50 

FOSTER, J. 6., Gen.. U.SJl. Submarine Blasting in 

Boston Harbor, Massachusetts. Removal of Tower and Corwin 
Rocks. Dlustrated with 7 plates. 4to, cloth S3. 50 

FOSTER, H. A. Electrical Engineers' Pocket-book. With 

the Collaboration of Eminent Specialists. A handbook of useful 
data for Electricians and Electrical Engineers. With inniuner- 
able tables, diagrams, and figures. Third EdiHan, revised 
Pocket sise, full leather, 1000 pp S5.00 

FOSTER, T. Treatise on the Evaporation of Saccharine, 

Ckemiciu and other Liquids by the Multiple System in Vacuum 
and Open Air. Third Edition, Diagrams and latge plates. 
8vo, cloth S7.50 

FOX, WM., and THOMAS, C. W., M.E. A Practical 

Course in Mechanical Drawing. Second Edition, revised. 12mo» 
obth, with plates. SI .25 

FRAIfCIS, J. B., C.E. Lowell Hydraulic E^>ertment8. 
Beinff a selection from experiments on Hydraulic Motors on 
the flow of Water over Weirs, in Open Canals of uniform rect- 
angular section, and through submerged Orifices and diveiginf 
Times. Made at Lowell, Mass. Fourth Edition, revised ana 
enlarged, with man^ new experiments, and illustrated with 23 
copper-plate engravmgs. 4to, doth S15. 00 

FULLER, 6. W. Report on the Investigations into the 
Purification of the Ohio River Water at Louisville, Kentucky, 
made to the President and Directors of the Louisville Water 
Company. Published under agreement with the Directors. 
3 full-page plates. 4to, cloth neT.SlO.OO 

FURNELL, J. Students' Manual of Paints, Colors, Oils 

and Varnishes. 8vo, cloth, illustrated net, SI -00 

6ARCKE, E., and FELLS, J. IL Factory Accounts: 
their principles and practice. A handbook for accountants and 
manufacturers, with appendices on the nomenclature of machine 
details, the rating of factories, fire and boiler insurance, the 
factory and woricshop acts, etc., including also a latge number 
of specimen rulings. Fifth Edition, revised and extowded, 8vo, 
doth, illustrated SS.OO 
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OEIPEL, WM., and KIL60UR, M. H. A Pocket-took 

of Electrical Engineering Formuls. HIus. 18ino., mor. . .$3.00 

6ERBER, N. Chemical and Physical Analysis of Milk, 

Condensed Milk, and Infants' Milk-food. 8vo, doth $1 . 25 

GERHARD, WM. P. Sanitary Engineering, i2mo, 

cloth $1 .25 

6ESCHWIND, L. Manufacture of Alum and Sulphates, 

and other Salts of Alumina and Iron; their uses and applications 
as mordants in dyeing and calico printing, and their other appli- 
cations in the Arts, Manufactures, Sanitary Engineering, Agri- 
culture and Horticulture. Translated from the French by 
Charles Salter. With tables, figures and diagrams. Svo, cloth, 
illustrated net, $5.00 

GIBBS, W. E. Lighting by Acetylene, Generators, Burners 

and Electric Furnaces. With 66 illustrations. Second Edition, 
revised. 12mo, cloth $1 . 50 

GILLMORE, Q. A., Gen. Treatise on Limes, Hydraulic 

Cements and Mortars. Papers on Practical Engineering, United 
States Engineer Department, No. 9, containing Reports of nu- 
merous Experiments conducted in New York City during the 
years 185S to 1861, inclusive. With numerous " illustrations. 
8vo, cloth $4.00 

Practical Treatise on the Construction of Roads, 

Streets and Pavements. Tenth Edition, With 70 illustrations 
12mo, cloth $2.00 

• Report on Strength of the Building Stones in the 

United States, etc. 8vo, illustrated, cloth $1 .00 

GOLDING, H. A. The Theta-Phi Diagram. Practically 

Applied to Steam, Gas, Oil and Air Engines. 12mo, cloth, 
illustrated nei, $1 .25 

GOODEVE, T. M. A Text-book on the Steam-engine. 

With a Supplement on Gas-engines. Twelfth Edition, enlarged. 
143 illustrations. 12mo, cloth $2.00 

GORE, G., F.R.S. The Art of Electrolytic Separation of 

Metals, etc. (Theoretical and Practical.) Illustrated^ Svo, 
cloth $3.50 

GOULD, E. S. The Arithmetic of the Steam-engine. 

8vo, cloth $1 .00 
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GOULD, E. S. Practical Hydrostatics and Hydrostatic For- 
mulas. With numerous figures and diagrams (Van Nostrand^s 
Science Series, No. 117.) 16mo, doth, illustrated, 114 pp.. . .50 

GRAY, J., B.Sc. Electrical Influence Machines: Their 

Historical Development, and Modem Forms, with instructions 
for making them. With numerous figures and diagrams. Second 
Edition^ revised and enlarged, 12mo, cloth, illus., 1^6 pp $2.00 

GRIFFITHS, A. B., Ph.D. A Treat! e on Manures, or 

the Philosophy of Manuring. A Practical Handbook for the 
Agriculturist, Manufacturer, and Student. 12mo, cloth. . . $3.00 

Dental Metallurgy. A Manual for Students and 

Dentists. 8vo, cloth, illustrated, 20S pp nM^ $3.50 

GROSS, E. Hops, in their Botanical, Agricultural and 

Technical Aspect, and as an article of Commerce. Translated 
from the German by Charies Salter. With tables, diagrams, 
and illustrations. 8vo, cloth, iUustrated net, $4 . 50 

GROVER, F. Practical Treatise on Modem Gas and 

Oil Engines. 8vo, cloth, illustrated $2.00 

GRUNER, A. Power-loom Weaving and Yam Number- 
ing, according to various systems, with conversion tables. An 
auxiliary and text-book for pupils of wea\4ug schools, as well 
as for self-instruction, and for general use by those engaged in 
the weaving industry. Illustrated with colored diagrams. 8vo, 
cloth TMJi, $3.00 

GURDEN, R. L. Traverse Tables: Computed to Four- 
place Decimals for every single minute of angle up to 100 of 
Distance. For the use of Surveyors and Engineers. New Edition. 
Folio, half morocco $7 . 50 

GUY, A. E. Experiments on the Flexure of Beams, 

resulting in the Discovery of New Laws of Failure by Buckling. 
Reprinted from the "American Machinist." With diagrams and 
folding plates. 8vo, cloth, illustrated, 122 pages net, $1 .25 

GUY, A. F. Electric Light and Power: Givmg the Result 
of Practical £2zperienoe in Central-station Work. 8vo, cloth, 
illustrated $2.50 

HAEDER, H., C.E. A Handbook on the Steam-engine. 

With especial reference to small and medium-sixed engines. For 
the use of Engine-makers, Mechanical Draughtsmen, Engineer- 
ing Students and Users of Steam Power, "n^nslated from the 
German, with considerable additions and alterations, by H. H. 
P. Powles. Third English EdiUon, revised. 8vo, cloth, illus- 
trated, 458 pages $3.00 
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HALL, W. S., Prof. Elements of the Differential and 

Integral Calculus. Fourth Edition, reviaed. 8vo, doth, illus- 
trated net, S2.25 

Descriptiye GeometiT, with Ifumerous Problems and 

Practical Applications. Comprising an 8vo volume of 76 pages 

of text and a 4to atlas of 31 plates. 2 vols., doth net, S3 . 50 

Postage, 0.32 

HALSEY, F. A. Slide-valve Gears* An Explanation of 

the Action and Construction of Plain and Cut-off Slide Valves. 
Illustrated. Seventh Edition, 12mo, doth $1 .fiO 

The Use of the Slide Rule. With illustrations and 

folding plates. Second Edition, 16mo, boards. (Van Nos- 
trand*8 Science Series, No. 114.) 50 

~— The Locomotive Link Motion, with Diagrams and 

Tables. 8vo, doth, illustrated $1 .00 

Worm and Spiral Gearing. Revised and Enlarged 

Edition. 16mo, cloth (Van NostranSa Science Seriee, No. 116.) 
Illustrated 60 

The Metric Fallacy, and *^The Metric Failure in 

the Textile Industry/' by Samud S. Dale. 8vo, doth, illus- 
trated SI. 00 

HAMILTON, W. G. Useful Information for Railway 

Men. T^nth EditioxL, revised and enlarged. 662 pages, pocket 
form. Morocco, gUt $2.00 

HAMMER, W. J. Radium, and Other Radio-active Sub- 
stances; Polonium, Actinium and Thoriiun. With a oonsider»- 
tion of Phosphorescent and Fluorescent Substances, the Proper- 
ties and Applications of Selenium, and the treatment of dis^ise 
by the Ultra-Violet Light. Second Edition. With diagrams, 
engravings and photographic plates. 8vo, doth, illustrated, 72 p., 

$1.00 

HANCOCK, H. Text-book of Mechanics and Hydro- 
statics, with over 600 diagrams. 8vo, doth $1 .76 

HARRISON, W. B. The Mechai^cs' Tool-book. With 

Practical Rules and Suggestions for use of Machinists, Iron- 
workers and others. Wit¥44 engravings. 12mo, cloth $1 .60 

HART« J. W. External Plumbing Work. A Treatise on 

Lead Work for Roofs. With numerous figures and diagrams. 
8vo cloth, illustrated n€f, $3.0« 
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HART, J. W. BintB to Plumben on Joint Wiping, Pipe 

Bending, and Lead Burning. Containing 184 figures and dia- 
grams. 8vo, cloth, iUustratod net, S3 .00 

Principles of Hot-water Supply. With numerous 

illustrations. 8vo, doth net, S3 .00 

Sanitary Plumbing and Drainage. With numerous 

diagrams and figures. 8vo, doth, illustrated net, S3.00 

HASKINSy C. H. The Galvanometer and its Uses. A 

Manual for Mectricians and Students. Fourth Edition, 12mo, 
doth SI. 60 

HAXTFF, W. A. American Multiplier: Multiplications and 

Divisions of the largest numbers rapidly performed. With index 
giving the results instantly of all numbers to 1000 X 1000^-1. OOOr 
000; also tables of circumferences and areas of cirdes. Cloth, 
6iXl6i S5.00 

HAUSBRAND, E. Drying by Means of Air and Steam. 

With explanations, formulas, and tables, for use in practi'^. 
Translated from the German by A. C. Wright, M.A. 12mo, 
doth, illustrated S2.00 

' Evaporating, Condensing and Cooling Apparatus: 

Explanations, Formulse, and Tables for Use in Practice. Trans- 
lated from the Second Revised German Edition by A. C. Wright, 
M.A. With numerous figures, tables and diagrams. 8vo, doth, 
illustrated, 400 pages net, S5.00 

HAUSNERy A. Manufacture of Presenred Foods and 

Sweetmeats. A Handbook of aU the Processes for the Preserva- 
tion of Flesh, Fruit, and Vegetables, and for the Preparation of 
Dried Fruit, Dried Vegetables, Marmalades, Fruit-syrups, and 
Fermented Beverages, and of all kinds of Candies, Candied Fruit, 
Sweetmeats, Roclra, Drops, Dragees, Pralines, etc. Translated 
from the Third Enlaiged German Edition, by Arthur Morris and 
Herbert Robson, B.Sc. 8vo, do^, illustrated tm^, S3.00 

HAWKE, W. H. The Premier Cipher Telegraphic Code. 

containing 100,000 Words and Phrases. The most complete and 
most useful general code yet published. 4to, cloth S5.00 

100,000 Words Supplement to tlie Premier Code. 

All the words are sdected from the official vocabulary. Oblonip 
quarto, doth SA.OO 

HAWKHfS, C. C, and WALLIS, F. The Dynamo: its 

Theory, Design, and Manufacture. 190 illustiationB. 12mo. 
doth. S3.00 
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HAY, A* Principles of Alternate-current Working, zamo, 

doth, illuBtrated $2.00 

HEAP, D. P.y Major, U.SJl. Electric 1 Appliances of 
the Present Day. Report of the Paris Electrical Elzpoeition of 
18»1. 250 illustrations. 8vo, doth ^2.00 

HEAVISIDE, 0. Electromagnetic Theory. Svo, doth, 

two volumes each, $5.00 

HECK, R. C. H., Prof. (Lehigh University). The Steam- 

Engine. A text-book for Engineering Colleges In Pres9. 

HEERMANN, P. Dyers' Materials. An Introduction to 

the Examination, Valuation, and Application of the most impor- 
tant substances used in Dyeing, Pnnting, Bleaching and Finish- 
ing. Translated by Arthur C. Wright, M.A. 12mo, cloth, illus- 
trated we*, $2.50 

HENRICI, 0. Skeleton Structures, Applied to the Build- 
ing of steel and Iron Bridges. 8vo, cloth, illustrated $1 . 50 

HERMANN, F. Painting on Glass and Porcelain and 

Enamel Painting. On the basis of Personal Practical Experience 
of tlie Condition of the Art up to date. Translated by Charies 
Salter. Second greatly enlarged edition. 8vo, doth, illustrated, 

net, $3.50 

HERRMANN, 6. The Graphical Statics of Mechanism. 

A Guide for the Use of Machinists, Architects and Engineers; and 
also a Text-book for Technical Schools. Translatea and anno- 
tated by A. P. Smith, M.E. Fourth Edition, 12mo, cloth, 7 
folding plates $2.00 

HERZFELD, J., Dr. The Technical Testing of Yams and 
Textile Fabrics, with reference to official specifications. Trans- 
lated by Chas. Salter. With 69 illustrations. 8vd', cloth ne^, $3 . 50 

HEWSON, W. Princifies and Practice of Embanking 

Lands from River Floods, as applied to the Levees of the Missis- 
sippi. 8vo, cloth $2.00 

HELL, J. W. The Purification of Public Water Supplies. 

Illustrated with valuable tables, diagrams, and cuts. 8vo, 
cloth, 304 pages $3.00 

Interpretation of Water Analysis. i2mo, cloth. 

In Pres8» 
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HOBBSy W. R. P. The Arithmetic of Electrical Measure- 
ments, with numeroufl examples, fully worked. Revised by 
Richard Wormell, M.A. Ninth Edition. 12mo, cloth 50 

HOFF, WM. B., Com., n.S.N. The Avoidance of Collisions 
at Sea. 18mo, morocco 75 

HOLLEY. A. L. Railway Practice. American and Euro- 
pean Railway Practice in the Economical Generation of Steam, 
including the Materials and Construction of Coal-burning Boilers, 
Combustion, the Variable Blast, Vaporization, Circulation, Super- 
heating, Supplying and Heating Feed Water, etc., and the 
Adaptation of Wood and Coke-burning Ennnes to Coal-burning; 
and in Permanent Way, including RoadHbed, Sleepers, Rails, 
Joint Fastenings, Street Railways, etc. With 77 lithographed 
plates. Folio, cloth $12.00 

HOLMES, A. B. The Electric Light Popularly Explained. 
Fifth Edition, lUustrated. 12mo, paper 40 

H0PE:INS, N. M* Model Engines and Small Boats. New 

Methods of Engine and Boiler Making, with a chapter on Ele- 
mentary Ship Design and Construction. 12mo, cloth $1 . 25 

HOUSTON, E. J., and KENNELLY, A. E. Algebra Made 

Elasy. Being a clear explanation of the Mathematical Formulse 
found in Prof. Thompson's "Dynamo-electric Machinery and 
Polyphase Electric Currents." With figures and examples. 8vo, 
cloth, illustrated .75 

The Interpretation of Mathematical Formulae. With 

figures and examples. 8vo, cloth, illustrated •.•••• 91 .25 

HOWARD, C. R. Earthwork Mensuration on the Basis 

of the Prismoidal Fomiul^ Containing Simple and Labor-fiavinf 
Methods of obtaining Prismoidal Contents direcUy from End 
Areas. Illustrated by Examples aSid accompanied by Hain 
Rules for Practical Use. Illu)9trated. 8vo, cloth $1 . 50 

HOWORTH, J. Art of Repairing and Riveting Glass, 

China and I^rthenware! Second Edition. 8vo, pamphlet, illus- 
trated ne^ $0.50 

'HUBBARD, E. The Utilization of Wood-waste. A Com- 
plete AcGOimt of the Most Advantageous Methods of Working Up 
Wood Refuse, especially Sawdust, Exhausted Dye Woods and 
Tan as Fuel, as a Source of Chemical Products for Artificial Wood 
Compositions, Ebcplosives, Manures, and many other Technical 
Purposes. TVanslat^ from the German of the second revised 
and erUarged edition. 8vo, cloth, illustrated, 192 pages . . net, $2 . 50 
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HUMBER, W., C.E. A Handy Book for the Calculatioo 

of Strains in Girdere, and Similar Structuree, and their Strength; 
conaistinjBT of Formulse and Corresponding Diagrams, with numer- 
ous detaus for practical application, etc. Fowik Edition. 12mo, 
cloth $2.60 

HURST, 6. H.y F.C.S. Color. A Handbook of the Theory 

of Color. A practical work for the Artist, Art Student, Painter, 
Dyer and Calico Printer, and Others. Illustrated with 10 colored 
plates and 72 illustrations. 8vo, doth net, $2.50 

DictionaiT of Chemicals and Raw Products Used 

in the Manufacture of Paints, Colors, Varnishes and Allied Prep- 
arations. 8vo, cloth net, S3 .00 

Lubricating Oils^ Fats and Greases: Their Origin, 

Preparation, Properties, Uses and Analysis. 313 pages, with 
65 illustrations. 8vo, cloth nef, $3.00 

Soaps. A Practical Manual of the Manufacture of 

Domestic, Toilet and other Soaps. Dlustrated with 66 engrav- 
ings. 8vo, doth net, $5.00 

Textile Soaps and Oils: A Handbook on the Prepara- 
tion, Properties, and Analysis of the Soaps and Oils Used in 
Textile Manufacturing, Dyeing and Printing. With tables and 
illustrations. 8vo, cloth net, $2.50 

HUTCHINSON, W. B. Patents and How to Make Money 

out of Them. 12mo, cloth $1 .26 

HUTTON, W. S. Steam-boiler Construction. A Practical 

Handbook for Engineers, Boiler-makers and Steam-users. Con- 
taining a larffe collection of roles and data relating to recent 
practice in the design, construction and working <n all kinds 
of stationary, locomotive and marine steam-boilers. With up- 
wards of 540 illustrations. Fovrth Edition, carefully revised and 
much enlarged. 8vo, cloth $6.00 

Practical Engineer's Handbook, comprising a Treatise 

on Modem Engines and Boilers, Marine, Locomotive and Station- 
ary. Fourth Edition, carefully revieed, with additions. With 
upwards of 570 illustrations. 8vo, cloth $7 .00 

The Works' Manager's Han book of Modem Rules, 

Tables and Data for Civil and Mechanical En^een, Millwrjjghta 
and Boiler-makers, etc., etc. With upwards of 150 illustrations. 
Fifth Edition, carefully revised, vnthadditions* 8vo, doth. . . $6.00 

INGLE, H. Manual of Agricultural Chemistiy. 870, 
doth, illustrated, 388 pages net, $3.00 
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DniES, C. H. Problems m Machine Design. For the 

uae of Students, Draughtsmen and others. Second EdUum, 12mo» 
doth net, S2.00 

Centrifugal Pumps, Turbines and Water Motors. In- 

dudmg the Theonr and Practice of Hydraulics. Third and enlarged 
edition. 12mo, cloth net, $2.00 

ISHERWOOD, B. F. Engineering Precedents for Steam 

Machinery. Arranged in the most practical and useful manner 
for Engineers. With illustrations. Two volumes in one. ^vo, 
doth $2.50 

JAMIESON, A.y C.E. A T xt-book n Steam and Steam- 

en^es Specially arranged for the use of Science and Art, City 
and Guilds of London Institute, and other Engineering Students. 
Thirteenth Edition. Illustrated. 12mo, doth $3.00 

Elementary Manual on Steam and the Steam-engine. 

Spedall^ arranged for the use of First-year Science and Art, City 
and Guilds of London Institute, and other Elementaiy Engineer- 
ing Students. Third Edition, 12mo, doth $1 .50 

JANNETTAZ, E. A Guide to the Determination of Rocks: 

beins an Introduction to Lithology. Translated from the French 
by G. W. Plympton, Professor of Physical Science at Brookl3m 
Polytechnic Institute. 12mo, cloth $1 . 50 

JEHL, F., Mem. A.I.E.E. The Manufacture of Carbons 

for Electric Lighting and Other Purposes. A Practical Handbook, 
giving a complete description of the art of making carix>ns, electros, 
etc. The various gas generators and furnaces uj»ed in caiiK)nizing, 
with a plan for a modd factory. Illustrated with numerous dia- 
grams, tables and folding plates. 8vo, doth, illustrated $4 . 00 

JENNISON, F. H. The Manufacture of Lake Pigments 

from Artificial Colors. A useful handbook for color manufac- 
turers, dyers, o>lor chemists, paint manufacturers, drysalters, 
wallpaper-makers, enamel and surface-paper makers. With 15 
plat^ illustrating the various methods and errors that ari.sc in 
the different processes of production. 8vo, doth net , $3. 00 

JOHirSON, W. McA. "The Metallurgy of Nickel." In Press, 

JOHirSTON, J. F. W., Prof., and CAMERON, Sir Chas. 

Elements of Agricultural Chemistry and Qeology. Seventeenth 
Edition. 12mo, doth $2.60 

JONES, H. C. OutUnes of Electrochemistry. With 
tables and diagrams. 4to, doth, illustrated $1 .50 
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JONES, M. W. The TestinE and Valuation of Raw Hate- 
rialfl used in Paint and Color Manufacture. 12mo, cloth, . nel, $2 . 00 

JOYNSQN, F. H. The Metals Used in Construction. 

Iron, Steel, Bessemer Metal, etc. Illustrated. 12mo, doth. . . .75 

Designing and Construction of Machine Gearing. 

Illufltrated. 8vo, cloth $2.00 

j¥rPTNER, H. F. V. Siderology: The Science of Iron. 

(The Constitution of Iron Allo3r8 and Iron.) Translated from 
the German. 8vo, cloth, 345 pages, illustrated net, $5 .00 

KAlfSAS CITY BRIDGE, THE. With an Account of 

the Regimen of the Missouri River and a Description of the 
Methods used for Founding in that River, by O. Chanute, Chief 
Engineer, and Georj^e Morison, Assistant Engineer. Dlustrated 
witTi 5 lithographic \aew8 and 1 2 plates of plans. 4to, cloth. $6 . 00 

EAPP, G., C.E. Electric Transmission of Energy and 

its Transformation, Subdivision and Distribution. A practical 
handbook. Fourth Edition, revised. 12mo, cloth $3.50 

— — Dynamos, Motors, Alternators and Rotary Con- 
verters. Translative! from the third German edition, by Harold 
H. Simmons, A.M.I.E.E. With numerous diagrams and figures. 
8vo, cloth, 507 pages $4.00 

EEIH, A. W. Prevention of dampness in Buildings. 

* With Remarks on the Causes, Nature and Effects ef Saline Efflo- 
rescences and Dry Rot. For Architects, Builders, Overseers, 
Plasterers, Painters and House Owners. Translated from the 
second revised, German edition. With colored plates and dia- 
grams. 8vo, cloth, illustrated, 115 pages net, $2.00 

KELSEY, W. R. Continuous-current Dynamos and 

Motors, and their Control: beins a series of articles reprinted 
from The Practical Engineer, and completed by W. R. Kelsey. 
With many figures and diagrams. 8vo, cloth, illustrated. . .$2.50 

KEMP, J. F., A.B., E.M. A Handbook of Rocks. For Use 

without the microscope. With a glossary of the names of rocks 

and of other lithological terms. 8vo, cloth, iUustrated $1 . 50 

Third Edition, revised. 

EEMPE, H. R. The Electrical Engineer's Pocket-book 

of Modem Rules, Formulse, Tables and Data. Illustrated. 
32mo, morocco, gilt $1 . 75 
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KENNEDY, R. Modem Engines and Power Generators. 

Vol. I. A Practical Work on Prime Movers and the Transmission 
of Power: Steam, Electric, Water, and Hot-air. With tables, 
figures, and full-page engcavings. 4to, doth, illustrated. . $3.60 

KENNEDY, R. Electrical Installations of Electric Light, 

Power, Traction, and Industrial Electrical Machinery. With nu- 
merous diagrams and engravings. 

Vol. I. The Electrical Circuit, Measurement, Ele- 
ments of Motors, Dynamos, Electrolysis. 8vo, doth, illus. . $3.50 

Vol. II. Instruments, Transformers, Installation Wir- 
ing, Switches and Switchboards. 8vo, doth, illustrated $3.50 

Vol. m. Production of Electrical Energy, Prime 

Movers, Generators and Motors. 8vo, doth, illustrated. . . $3.50 

Vol. IV. Mechanical Gearing; Complete Electric In- 
stallations; Electrol3rtic, Mining and Heating Apparatus; Electric 
Traction; Special Applications of Electric Motors. 8vo, doth, 
illustrated $3.50 

< Vol. V. Apparatus and Machinery used in Telegraphs, 

Telephones, Signals, Wireless Telegraph, X-Rays, and Medical 
Science. 8vo, cloth, illustrated $3 . 50 

EENNELLY, A. E. Theoretical Elements of Electro- 
dynamic Machinery. 8vo, cloth $1 . 50 

KIL60UR, M. H., SWAN, H., and BIGGS, C. H. W. Elec- 
trical Distributioa: its Theoi^* and Practice. 174 illustrations. 
12mo, cloth $4.00 

KING, W. H. Lessons and Practical Notes on Steam, 

the Steam-engine, Propdlers, etc., for Young Marine Engineers, 
Students and others. Revised by Chief Engineer J. W. King, 
United States Navy, l^h EdUion, enlarged. 8vo, doth $2 . 00 

KINGDON, J. A. Applied Magnetism. An Introduction 

to the Design of Electromagnetic Apparatus. 8vo, doth. . $3.09 

E3RKALDY, W. 6. Illustrations of David Eirkaldy's 

System of Mechanical Testing, as Originatckl and Carried on by 
him during a Quarter of a Century. Comprising a Large Sdec- 
tion of Tabulated Results, showing the Strength and other Proper- 
ties of Materials used in Construction, with Explanatory Text 
and Historical Sketch. Numerous fltogravings and 25 lithographed 
plates. 4to, cloth $20,00 
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KIRKBRIDE, J. Engraving for lUustnttion: H'storical 

and Practical Notes, with illustrations and 2 plates by ink 
photo process. 8vo, cloth, illustrated, 72 pages net, $1 .50 

KIRKWOOD, J. P. Report on * the FUtration of River 

Waters for the Supply of Cities, as practised in Europe, made 
to the Board of Water Commissioners of the City of St. Louis. 
Illustrated by 30 double-page engravings. 4to, doth $7 . 50 

KLEINy J. F. Design of a High-speed Steam-engine. 

With notes, diagrams, formulas and tables. Second EdiHon, 
revised and enlarged, Svo, cloth, illustrated, 257 pages, .net, $5.00 

KNIGHT, A. M., Lieut.-Com. n.S.N. Modem Seaman- 
ship. Illustrated with 136 full-page plates and diagrams, ^vo, 

cloth, illustrated. Second Edition, revised net, $6.00 

Half morocco $7.50 

KNOTT,C.G.,andMACEAY,J.S. Practical Mathematics. 

With numerous examples, figures and diagrams. New Edition. 
Svo, cloth, illustrated $2.00 

KOLLER9 T. The Utilization of Waste Products. A 

Treatise on the Rational Utilization, Recovery and Treatment 
of Waste Products of all kiads. Translated from the German 
second revised edition. With numerous diagrams. Svo, cloth, 
illustrated, 2S0 pages n€<, $3.50 

Cosmetics. A Handbook of the Manufacture, Em- 
ployment and Testing of all Cosmetic Materials and (Osmetic 
Specialties. Translated from the German by Chas. Salter. ^\o, 
cloth n€^ $2.50 

KRAUCHy C.y Dr. Testing of Chemical Reagents for 

Purity. Authorized translation of the Third Edition, by J. A. 
Williamson and L. W. Dupre. With additions and emendations 
by the author. Svo, cloth nfit, $4 .50 

LAMBERT, T. Lead, and its Compounds, With tables, 

diagrams and folding plates. Svo, cloth, 22 > pages net, $3 . 50 

Bone Products and Manures. An Account of 

the most recent improvements in the manufacture of Fat, Glue, 
Animal Charcoal, Size, Gelatine and Manures. Wi'h plans and 
diagrams. Svo, cloth, illustrated net, $3. 00 

LAMBORN, L. L. Cotton-seed Products. With ntmierous 
diagrams and engravings In Press. 
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LAMPRECHT, R. Recovery Work after Pit Fires. A 

description of the principal methods puisued, especially in fieiy 
mines, and of the various appliances employed, such as respira- 
tory and rescue apparatus, dams, etc. With folding plates and 
diagrams. Translated from the German by Charles Salter. 8vo, 
dotn, illustrated nd, $4.00 

LARRABEE, C. 8. Cipher and Secret Letter and Tele- 
graphic Code, with Hog's Improvements. The most perfect 
Secret Code ever invented or discovered. Impossible to read 
without the key. 18mo, doth 60 

LASSAR-COHN, Dr. An Introduction to Modem Scien- 
tific Chemistry, in the form of popular lectures suited to University 
Extension Students and general readers. Translated from the 
author's corrected proofs for the second German edition^ by 
M. M. Pattison Muir, M.A. 12mo, doth, illustrated $2.00 

LEASE, A. R. Breakdowns at Sea and How to Repair 

Them. With 89 illustrations. Second Edition, 8vo,doth. $2.00 

Triple and Quadruple Expansion Engines and Boilers 

and thdr Management. With 59 illustrations. Third Edition, 
revised. 12mo, cloth $2.00 

Refrigerating Machinery: Its Principles and Man- 
agement. With 64 illustrations. 12mo, doth $2 . 00 

LECKY, S. T, S. "Wrinkles" in Practical Navigation. 

With 130 illustrations. 8vo, doth. FowrieenSh Edition, revised 
and enlarged $9.00 

LEFEVRE, L. Architectural Pottery: Bricks. Tiles, Pipesy 

Enameled Terra-Cottas, Ordinaiy and Incrusted Quarries, Stone- 
ware Mosaics, Faiences and Arclutectural Stoneware. With 
tables, plates and 950 cuts and illustrations. With aprefaoe by 
M. J.^. Formig^. Translated from the French, by ET. H. Bhti, 
M.A., and W. Moore Binns. 4to, doth, illustrated net, $7. 50 

LEHNER, S. Ink Manufacture: including Writing, Copy- 
ing, Lithographic, Marking, Stamping and Laundry Inks. Trans- 
lated from the fifth German edition, by .Arthur Morris and 
Herbert Robeon, B.Sc. 8vo, doth, illustrated net, $2.50 

LEHSTROM, Dr. Electricity in Horticulture. Illus- 
trated In Press, 

LEVY, C. L. Electric-light Primer. A simple and com- 
prehensive digest of all the most Important facts connected with 
the running of the dynamo, and electric lights, with precautions 
for safety. For the use of persons whose duty it is to look after 
the plant. 8vo, paper 00 
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LIVACHE, ACH. (Ingenieur Civil des Mines). The Man- 
ufacture of Varnishes, Oil Crushing, Refining and Boiling, and 
Kindred Industries. Describing the Manufacture and Chemical 
and Physical Properties of Spirit Varnishes and Oil Varnishes; 
Raw Materials; Resins; Solvents and Coloring Principles; Dry- 
ing Oils, their Extraction, Properties and Applications; Oil 
Refining and Boiling; The Manufacture, Employment and Test- 
ing of Various Varnishes. Translated from the French, by John 
G^des Mcintosh. Greatly extended and adapted to English 

Sractice. With numerous original recipes by the translator, 
ilustrated with ctits and diagrams. 8vo, doth net, $5.00 

LIVERMORE, V. P., and WILLIAMS, J. How to Become 

a Competent Motorman. Being a Practical Treatise on the 
Pro j)er Method of Operating a Street Railway Motor Car; also 

5'ving details how to overcome certain defects. 16mo, cloth, 
ustrated, 132 pages $1.00 
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LOBBENy P., M.E. Machinists' and Draftsmen's Hand- 
book, containing Tables, Rules, and Formulas, with numerous 
examples, explaining the principles of mathematics and mechanics, 
as applied to the mechanical trades. Intended as a reference book 
for all interested in Mechanical work. Illustrated with many 
cuts and diagrams. 8vo, doth $2. 50 

LOCKE, A. G. and C. G. A Practical Treatise on the 

Manufacture of Sulphuric Acid. With 77 constructive plates^ 
drawn to scale measurements, and other illustrations. Royal 
8to, cloth $10.00 

LOCKERTy L. Petroleum Motor-cars. i2mo, cloth, S1.50 

LOCKWOODy T. D. Electricity, Magnetism, and Electro- 
telegraphy. A Practical Guide for Students, Operators, and 
Inspectors. 8vo, cloth. Third Edition $2.50 

Electrical Measurement and the Galvanometer: its 

Construction and Uses. Second Edition, 32 illustrations. 12mo, 
cloth $1.50 

LODGE, 0. J. Elementary Mechanics, including Hydro- 
statics and Pneumatics. Revised Edition. 12mo, cloth ... $1 . 50 

Sig^ialling Across Space, Without Wires: being a 

description of the work of Hertz and his successors. With numer- 
ous diagrams and half-tone cuts, and additional remarks con- 
cerning the application to Telegraphy and later developments. 
Third Edition, 8vo, cloth, illustrated net, $2,00 
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LORD, R. T. Decoratiye and Fancy Fabrics. A Valuable 

Book with designs and illustrations for manufacturers and de- 
signers of Carpets, Damask, Dress and all Textile Fabrics. 8vo, 
cloth, illustrated net, $3.60 

LORING, A. E. A Handbook of the Electro-magnetic 

Telegraph. 16mo, cloth, boards. New and enlarged edition. . .50 

LUCEy S. B., Com. Text-book of Seamanship. The 

Equipping and Handling of Vessels under Sail or Steam. For 
the use of the U. S. Naval Academy. Revised and enlarged 
edition, by Lieut. Wm. S. Benson. 8vo, doth, illustrated . . $10 . 00 

LUCKE, C. E.y Prof. Columbia Uniy. Gas Engine Design. 

LUNGE, G.y Ph.D. Coal-tar and Ammonia: being the 

third and enlarged edition of ''A Treatise on the Distillation of 
Coal-tar and Ammoniacal Liquor," with numerous tables, figures 
and diagrams. Thick 8vo, cloth, illustrated net, $15.00 

A Theoretical and Practical Treatise on the Man- 
ufacture of Sulphuric Acid and Alkali with the Collateral Branches. 

VoLI. Sulphuric Acid. In two parts, not sold separately. 

Second Edition, revised and enlarged. 342 illus. 8vo, cloth . . $1 5 . 00 

Vol. n. Salt Cake, Hydrochloric Acid and Leblanc 

Soda. Second Edition, revised and enlarged. 8vo, cloth . . . $15 . 00 

Vol. in. Anunonia Soda, and yarious other processes 

of Alkali-making, and the preparation of Alkalis, Chlorine and 
Chlorates, by Electrolysis. 8vo, cloth. New Edition, 1896. . %15. 00 

and HURTER^ F. The Alkali Maker's Handbook. 

Tables and Analytical Methods for Manufacturers of Sulphuric 
Acid, Nitric Acid, Soda, Potash and Ammonia. Second Edition. 
12mo, cloth $3.00 

LUPTON, A., PARR, G. D. A., and PERKIN, H. Elec- 
tricity as Applied to Mining. With tables, diagrams and folding 
plates. 8vo, cloth, illustrated, 280 pages ti«/, $3.50 

LUQUER, L. M., PhJ>. Minerals in Rock Sections. 

The Practical Method of Identif3dng Minerals in Rock Sections 
with the Microscope. Especially arranced for Students in Techni- 
cal and Scientific ochools. 8vo, doth, ifiustrated net, $1 . 50 

MACCORD, C. W., Prof. A Practical Treatise on the 

Slide-valve by Eccentrics, examining bv methods the action of 
the Eccentric upon the Slide-valve, and explaining the practical 
processes of laymg out the movements, adapting the Valve for 
its various duties in the Steam-engine. Second Edition. Illus- 
trated. 4to, cloth $2.50 
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HACKIE, JOHN. How to Hake a Woolen Mill Pay. 

8vo, cloth «€<, $2.00 

HACKROWy C. The Ifayal Architect's and Ship-builder's 

Pocket-book of Formulas, Rules, and Tables; and En^eera' and 
Surveyors' Handy Book of Reference. Eighth Edmon, revised 
and enlarffed. 16mo, limp leather, illustrated $5 . 00 

HAGUIRE, E., Capt, U.S^. The Attack and Defence 

of Coast Fortifications. With maps and numerous illustrations, 
8vo, doth $2.50 

HAGUIREy WM. R. Domestic Sanitary Drainage and 

Plumbing Lectures on Practical Sanitation. 332 illustrations. 
8vo $4.00 

MAILLOnX, C. p. Electro-traction Machinery. 8yo, 

doth, illustrated. In Press, 

MARKS, E. C. R. Mechanical Engineering Materials: 

Their Properties and Treatment in Construction. 12mo, doth, 
illustrated 60. 

Ifotes on the Construction of Cranes and Lifting 

Machinery. With numeroiis diagrams and figures. New and 
enlarged edition, 12mo, doth net, $1 .50 

Votes on the Construction and Working of Pumps. 

With figures, diagrams and engravings. 12mo, doth, illus- 
trated net, $1.50 

MARKS, G. C. Hydxaulic Power En^eering. A Prac- 



tical Manual on the Concentration and Transmission of Power 
by Hvdraulic Machinery. With over 200 diagrams and tables 
8vo, doth, iUustrated $3 .50 



MAVER, W. American Telegraphy: Systems, Apparatus, 

Operation. 450 illustrations. 8vo, doth $5.00 

MAYER, A. M., Prof. Lecture Notes on Physics. 8vo, 

doth $2.00 

McCTTLLOCH, R. S., Prof. Elementary Treatise on the 

Mechanical Theory of Heat, and its application to Air and Steam- 
engines. 8vo, doth. $3.50 

McINTOSH, J. O. Technology of Sugar. A Practical Tieatise 

on the Manufacture of Sugar from the Sugar-cane and Suga»- 
beet. With diagrams and tables. 8vo, doth, ulustrated . net, $4 . 50 
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McNeill, B. McNeill's Code. Arranged to meet the 

requirements of Mining, Metallurgical and Civil Engineers, Direo- 
tora of Mining, Smelting and other Companies, rankers, Stock 
and Share Brokers, Solicitors, Accountants, Financiers and 
General Merchants. Safety and Secrecy. 8vo, doth. ... $6.00 

Mcpherson, J. a., a. M. Inst C. E. waterworks 

Distribution. A practical guide to the laying out of systems of 
distributing mains for the supply of water to cities and towns. 
With tables, folding plates and numerous full-page diagrams. 
8vo, cloth, iUustratcd $2.60 

MEfiRITT, WM. H. Field Testing for Gold and Silyer. 

A Practical Manual for Prospectors and Miners. With numerous 
half-tone cuts, figures and tables. 16mo, limp leather, illus- 
trated $1.60 

METAL TURNINO. By a Foreman Pattern-maker. Illus- 
trated with 81 engravings. 12mo, cloth $1 . 60 

MICHELL, S. Mine Drainage: being a Complete Prac- 
tical Treatise on Direct-acting Underground Steam Pumping 
Machinery. Containing many folding plates, diagrams and 
tables. Second Edition, rewritten and enlarqed. Thick Svo, 
cloth, illustrated $10.00 

MIERZINSKIy S., Dr. Waterproofing of Fabrics. Trans- 
lated from the German by Arthur Morris and Herbert Robson. 
With diagrams and hgures. Svo, cloth, illustrated. . . net, $2.60 

MILLER, E. H. Quantitatiye Analysis for Mining Engi- 
neers. Svo, cloth n/et, $1 . 50 

MINIFIE, W. Mechanical Drawing. A Text-book of 

Geometrical Drawing for the use of Mechanics and Schools, in 
which the Definitions and Rules of Geometry are familiariy ex- 
plained; the Practical Problems are arranged from the most 
simple to the more complex, and in their description technicalities 
are avoided as much as possible. V^th illustrations for drawing 
Plans, Sections, and Elevations of Railwavs and Machinexy; an 
Introduction to Isometrical Drawing, and an Enay on Linear 
Perspective and Shadows. Illustrated with over 200 diagrams 
engraved on steel. Tenih Thousand, revised. With an Appen- 
dix on the Theory and Application of Colors. Svo, doth. . $4.00 

-—^Geometrical Drawing. Abridged from the octayo 

edition, for the use of schools. Illustrated with 4S steel plates* 
Ninth Edition, 12mo, cloth $2.00 



84 D VAN N08TRAND COMPANY^ 

MODERN METEOROLOOY. A Seiias of Six Lectures, 

delivered under the auspices of the Meteorological Society in 
1870. Illustrated. 12mo, doth $1.50 

HOORE, E. C. S. Ifew Tables for the Complete Solu- 
tion of Ganffuillet and Kutter^s Formula for the flow of liquids in 
open channels, pipes, sewers and conduits. In two parte, nurt I, 
arranged for 1080 inclinations from 1 over 1 to 1 over 21,120 for 
fifteen different values of (n). Part II, for use with all other 
values of (n). With large folding diagram. 8vo, cloth, illus- 
trated net, $5.00 

HOREING, C. A.y and NEAL, T. New General and Mining 

Telegrapth Code. 676 pages, alphabetically arranged. For the 
use of mining companies, mining engineers, stock brokers, financial 
agents, and trust and finance companies. Eighth Edition. 8vo, 
cloth $5.00 



HOSES, A. J., and PARSOlfS, C. L. Elements of Miner- 

i Practical 
net,%2,00 
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alogy. Crystallography and Blowpipe Analysis from a Practical 
Standpoint. Second Thousand. 8vo, cloth, 336 illus. . 



MOSES, A. J. The Characters of Crystals. An Intro- 
duction to Physical Crystallography, containing 321 illustrations 
and diagrams. 8vo, 211 pages net, $2.00 

MOSS, S. A. The Lay*out of Corliss Valye Gears. (Van 
Nostrand'8 Science Series, No. 119.) 16mo, cloth, illus 50 

MULLIN, J. P., M.E. Modem Moulding and Pattern- 
making. A Practical Treatise upon Pattern-shop and Foundry- 
Work: embracing the Moulding of Pulle3r8, Spur Gears, Worm 
Gears, Balance-wheels, Stationary Engine and Locomotive 
Cylinders, Globe Valves, Tool Work, Mining Machinery, Screw 
Pipopellers, Pattern-shop Machinery, and the latest improve- 
ments in English and American Cupolas; together with a lai^ 
coUection of ori^al and carefully selected Rules and Tables 
for every-day use m the Drawing Office, Pattern-shop and Foundry. 
12mo, cloth, illustrated $2.50 

MUNRO, J^ C.E., and JAMIESOlf, A., C.E. A Pocket- 
book of Electrical Rules and Tables for the use of Electricians 
and En^neers. Fifteenth Edition, revieed and enlarged. With 
numerous diagrams. Pocket size. Leather $2 . 50 

MURPHY, J. G., M.E. Practical Mining. A Field Manual 

for Mining Engineers. With Hints for Investors in Mining 
Properties. 16mo, morocco tucks $1 .00 
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NAQUET, A. Legal Chemistry. A Guide to the Detection 

of Poisons, Falflmcation of Writings, Adulteration of Alimentaiy 
and Pharmaceutical Substances, Analysis of Ashes, and Exanu- 
nation of Hair, Coins, Anns and Stains, as applied to Chemical 
Jurisprudence, for the use of Chemists, Physicians, Lawyers, 
Pharmacists and Experts. Translated, with additions, including 
a list of books and memoirs on Toxicology, etc., from the French, 
by J. P. Battershall, Ph.D., with a Preface by C. F. Chandler, 
Ph.D., M.D., LL.D. 12mo, doth $2.00 

NASMITH, J. The Student's Cotton Spinning. Third 

Edition, revUed and enlarged, 8vo, cloth, 622 pages, 250 illus- 
trations $3.00 

NEUBUROER, H., and IfOALHAT, H. Technology of 
Petroleum. The Oil Fields of the World: their History, Geog- 
raphy and Geology. Annual Production; Prospection and Develop- 
ment; Oil-well Drilling: Transportation of Petroleimi by Land 
and Sea. Storage of retroleum. With 153 illustrations and 25 
plates. Translateid from the French, by John Geddes Mcintosh. 
8vo, cloth, iUustrat^ net, $10.00 

NEWALL, J. W. Plahi Practical Directions for Drawing, 

Sizing and Cutting Bevel-ffears, showing how the Teeth may 
be cut in a Plain Milling Machine or Gear Cutter so as to give 
them a correct shap3 from end to end; and showing how to get 
out all particulars for the Workshop without making any Draw- 
ings. Including a Full Set of Tables of Reference. Folding- 
plates. 8vo, cloth $1 .50 

NEWLANDS, J. The Carpenters' and Joiners' Assistant: 

being a Comprehensive Treatise on the Selection, Preparation 
and Strength of Materials, and the Mechanical Principles of 
Framing, with their application in Carpentry, Joinery and 
Hand-railing; also, a Complete Treatise on Sines; and an Illus- 
trated Glossary of Terms used in Architecture and Building. 
Illustrated. Folio, half morocco $15. ^ 

NIPHER, F. £., A.M. Theory of Magnetic Measurements, 

with an Appendix on the Method of Least Squares. 12mo, 
doth $1 .00 

NUOENT, E. Treatise on Optics; or. Light and Sight 

Theoretically and Practically Treated, with the Application to 
Fine Art and Industrial Pursuits. With 103 illustrations. 12mo, 
cloth $1.50 

O'CONNOR, H. The Gas Engineer's Pocket-book. Com- 
prising Tables, Notes and Memoranda relating to the Manu- 
facture, Distribution and Use of Coal-gas and the Construction 
of Qaa-works. Second Edition, revieed, 12mo, full leather, gilt 
edges $3.50 
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OLSEN. J. C, Prof. Text-book of Quantitative Chemical 

Analysis by Gra\'imetric, Electrolytic, Volumetric aad Gasometric 
Methods. With Seventv-two Laboratory Exercises sivinff the 
Analysis of Pure Salts, Alloys, Minerals and Tedmical Products. 
With numerous figures and diagrams. 8vo. doth., net, $4.00 

OSBORN, F. C. Tables of Moments of Inertia, and Squares 

of Radii of Gyration; supplemented by others on the Ultimate 
and S ife Strength of Wrought-iron Golunms, Safe Strength of 
Timber Beams, and Constant for readily obtaining the Shearing 
Stresses, Reactions and Bending Moments in Swing Bridges. 
12mo, leather $3.00 

03TERBER0, M. S/nopsis of Current Electrical Litera- 
ture, compiled from Technical Journals and ICagazines during 
1895. 8vo, cloth $1 .00 

OUDIN, M. A. Standard Poljrphase Apparatus and Systems. 

With many diagrams and figures. Third Edition, thoroughly 
revised. Fully illustrated $3 .00 

PALAZ, A , Sc.D. A Treatise on Industrial Photometry, 

with special application to Electric Lighting. Authorized trans- 
lation from the French by Geoige W. Patterson, Jr. Second 
Edition, revised. 8vo, cloth, illustrated $4.00 

PARR, G. D. A. Electrical Engineering Measuring Instru- 
ments, for Commercial and Laboratory Purposes. With 370 
diagrams and engravings. 8vo, cloth, iQustrated n^, $3.50 

PARRY, E. J., B.Sc. The Chemistry pf Essential Oils 

and Artificial Perfumes. Being an attempt to group together 
the more important of the published facts connected with the 
subject; also giving an outline of the principles iavolved in the 
preparation and analysis of Essential Oils. With numerous dia- 
grams and tables. 8vo, cloth, illustrated net, $5.00 

and COSTE, J. H. Chemistry of Pigments. With 

tables and figures. 8vo, cloth net, $4.50 

PARRY, L. A., M.D. The Risks and Damgers f Various 

Occupations and their Prevention. A book tliat should be in 
the hands of manufacturers, the medical profession, sanitary 
inspectors, medical officers of health, managers of works, foremen 
ana workmen. 8vo, doth net, $3 .00 

PARSHALL, H. F., and HOBART, H. M. A mature 

Winding3 of Electric Machines. With 140 full-page plates, 65 
tables and 165 pages of descriptive letter-press. 4to, cloth.. $7 . 50 
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PARSHALLy H. F., and PARRY, E. Electrical Equipment 

of Tramways In Press 

PASSMORE, A. C. Handbook of Technical Tenns used 

in Architecture and Building, and their Allied Trades and Sub- 
jects. 8vo, cloth net, $3 . 50 

PATERSONy D., F.C.S. The Colo* Printing of Carpet 
Yams. A useful manual for color chemists and textile printers. 
With numerous illustrations. Svo, cloth, illustrated net, $3 . 50 

Color Matching on Textiles. A Manual intended for 

the use of Dvers, Calico Printers and Textile Color Chemists. 
Containing colored frontispiece and 9 illustrations, and 14 dyed 
patterns in appendix. 8vo, cloth, illustrated net, tS. 00 

The Science of Color Mixing. A Manual intended 

for the use of Dyers, Calico Printers, and Color Chemists. With 
figures, tables, and colored plate. 8vo, cloth, illustrated, net, $3 . 00 

PATTEN, J. A Plan for Increasing th3 Humidity of 

the Arid Region and the Utilization of Some of the Great Rivers 
of the United States for Power and other Purposes. A paper 
communicated to the National Irrigation Congress, Ogden, Utah, 
Sept. 12, 1903. 4to, pamphlet, 20 pages, with 7 maps $1 .00 

PAULDING, C. P. Practical Laws and Data on the Con- 
densation of Steam in Covered and Bare Pipes; to which is added 
a translation of Poet's ''Theory and Experiments on the Trans- 
mission of Heat Through Insulating Materials." 8vo, cloth, 
illustrated, 102 pages ne^, $2.00 

PEIRCE, B. System of Analytic Mechanics. 4to, 
doth $10.00 

PERRHVEy F. A. C.y A.M.» D.Sc. Conductors for Elec- 
trical Distribution: their Manufacture and Materials, the Calcu- 
lation of Circuits, Pole Line Construction, Undeiground Working 
and other Uses. With numerous diagrams and engravings. 8vo, 

cloth, illustrated, 287 pages net, tS. 50 

Postage .25 

PERRY, J. Applied Mechanics. A Treatise for the use 

of students who have time to work experimental, numerical and 
graphical exercises illustrating the subject. 8vo, cloth, 650 
pages net, $2.60 
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PHILLIPS, J. Engineerng Chemistry. A Practical 

Treatise tot the use of Analytical Chemists, Engineers, Iron 
Masters, Iron Founders, students and others. Comprising methods 
of Anal}[8i8 and Valuation of the principal materials used in 
Engineering works, with numerous Anal3r8e8, Examples, and 
Suggestions. Illustrated. Third Editumy revUed and efdarged. 
8vo, cloth $4.50 

Gold Assaying. A Practical Handbook giving the 

Modus Operandi for the Accurate Assay of Auriferous Ores and 
Bullion, and the Chemical Tests rei^uired in the Processes of 
Extraction by Amalgamation, Cyanidation and Chlorination. 
With an appendix of tables and statistics and numerous diagrams 
and engravings. 8vo, cloth, illustrated nett S2.d0 

PICKWORTH, C. N. The Indicator Handbook. A Prac- 
tical Manual for Engineers. Part I. The Indicator: its Con- 
struction and Application. 81 illustrations. 12mo, doth.. . $1 . 50 

The Indicator Handbook. Part II. The Indicator 

Diagram: its Analysis and Calculation. With tables and figures. 
12mo, cloth, illustrated ll .50 

Logarithms for Beginners. 8yo, boards 50 

The Slide Rule. A Practical Manual of Instruction for 

all Users of the Modem Type of Slide Rule, containing Succinct 
Explanation of the Principle of Slide-rule Computation, together 
witn Numerous Rules and Practical Illustrations, exhibiting the 
Application of the Instrument to the Every-day Work of the 
Engineer — Civil, Mechanical and Electrical. SeverUh Edition. 
12mo, flexible cloth $1 .00 

Plane Table, The. Its Uses in Topographical Survey- 
ing. From the Papers of the United States Coast Siu^ey. 

Illustrated. 8vo, cloth $2.00 

"This work gives a description of the Plane Table employed at 
the United States Coast Survey office, and the manner of using it. " 

PLANTE, G. The Storage of Electrical Energy, ard 

Researches in the EflFects created by Currents, combining Quan- 
tity with High Tension. Translated from the French by Paul 
B. Elwell. 89 illustrations. 8vo, cloth $4.00 

PLATTNER'S Manual of Qualitatiye and Quantitatiye 

Analysis with the Blow-pipe. Eighth Edtbum^ revised. Translated 
by Henry B. Cornwall, E.M., Ph.D., assisted by John H. Caswell, 
A.M. From the sixth German edition, by Prof. Friederich Kol- 
beck. With 87 woodcuts. 463 pages. 8vo, cloth. . . ti«<, $4.00 
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PLYMPTON, GEO. W., Prof. The Aneroid Barometer: 

its Construction and Use. Compiled from several sources. 
Eighth Edition^ revised and entarged, 16mo, boards, illus- 
trated : $0.60 

Morocco 1 .00 

POCKET LOGARITHMS, to Four Places of Decimals, 

including Logarithms of Numbers, and Logarithmic Sines and 
Tangents to Single Minutes. To which is added a Table of 
Natural Sines, Tangents and Co-tangents. 16mo, boards 50 

POPE F. L. Modem Practice of the Electric Telegraph. 
A Technical Handbook for Electricians, Manasers and Operators. 
Fifteenth Edition^ rewritten and enlarged^ and fiuly iUuetrated, Svo, 
doth $1 .50 

POPPLEWELL, W. C. Elementary Treatise on Heat and 

Heat Engines. Specially adapted for engineers and students of 
engineering. 12mo, cloth, illustrated S3 .00 

Prevention of Smoke, combined with the Economical 

Combustion of Fuel. With diagrams, figures and tables. Svo, 
cloth, illustrated net,tS.50 

POWLESy H. H. P. Steam Boilers In Press. 

Practical Compomiding of Oils, Tallow and Grease, for 

Lubrication, etc. By an Expert Oil Refiner. Svo, cloth, net, $3 . 50 

Practical Iron Founding. By the Author of ** Pattern 

Making," etc. Illustrated with over 100 engravings. Third 
Edition. 12mo, cloth $1 .50 

PRAY, T.y Jr. Twenty Years with the Indicator: being 

a Practical Text-book for the Engineer or the Student, with no 
complex Formulse. Illustrated. Svo, cloth $2. 50 

Steam Tables and Engine Constant Compiled from 

Regnault, Rankine and Dixon directly, making use of the 
exact records. Svo, doth $2.00 

PREECE, W. H. Electric Lamps In Press. 

and STUBBSy A. T. Manual of Telephony. Illus- 
trations and plates. 12mo, cloth $4.50 

PRELINI, C, C.E. Tunneling. A Practical Treatise con- 
taining 149 Workmff Drawings and Figures. With additions 
by Charies S. Hill. C.E., Associate Editor " Engineering News." 
311 pages. Second Edition, reviaed. Svo, cloth, illus $3.00 
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PRELINI, C:, C JB. Earth and Rock Excayation. A Manual 

for Engineers, Contractors and Engineering Students. 8vo, 
cloth, illustrated. About 350 pages In Press. 

PREMIER CODE. (See Hawke, Wm. H.) 

PRESCOTT, A. B., Prof. Organic Analysis. A Manual 

of the Descriptive and Anal3rtical Chemistry of certain Carbon 
Compounds in Common Use; a Guide in the Qualitative and 
Quantitative Analysis of Organic Materials in Conunercial and 
Pharmaceutical Assays, in the estimation of Impurities imder 
Authorized Standards, and in Forensic Examinations for Poisons, 
with Directions for Elementary Organic Analysis. Fifth Edi" 
lion. 8vo, cloth S5.00 

Outlines of Proximate Organic Analysis, for the 

Identification, Separation and Quantitative Determination of 
the more commonly occurring Organic Compounds. Fourth 
Edition. 12mo, cloth $1 .75 

and SULLIVAIT, E. C. (University of Michigan). First 

Book in Qualitative Chemistry. For Studies of Water Solution 
and Mass Action. Tioelfth Edition f entirely rewritten, 12mo, 
cloth nei,%l.SO 

and JOHNSON, 0. C. Qualitatiye Chemical Analysis. 

A Guide in the Practical Study of Chemistry and in the Work of 
Analysis. Fifth revised and enlarged edition, entirely reiDritten. 
With Descriptive Chemistry extended throughout net, $3 .50 

PRITCHARD, 0. G. The Manufacture of Electric-light 

Carbons. Ulustrated. 8vo, paper 00 

PULLEN, W. W. F. Application of Graphic Methods 

to the Design of Structures. Specially prepared for the use of 
Engineers. A Treatment by Graphic Metnods of the Forces 
and Principles necessary for consiaeration in the Design of En- 
gineering Structures, Roofs, Bridges, Trusses, Framed Structures, 
Wells, Dams, Chinmeys, and Masonry Structures. 12mo, cloth, 
profusely illustrated net, $2 . 50 

PULSIFER, W. H. Notes for a History of Lead. 8vo, 

cloth, gilt top $4.00 

PUTSCH, A. Gas and Coal-dust Firing. A Critical Review 

of the Various Appliances Patented in Germany for this purpose 
since 1885. Witn diagrams and figures. Translated from the 
German by Charles SaUer. Svo, cloth, illustrated net, $3.00 
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PYNCHON, T R., Prof. Inlroduction to Chemical Physics, 

designed for the use of Academies, Colleges and Hi^h Schools. 
Illustrated with numerous engravings, and containmg copious 
experiments, with directions for preparing them.. Nexv Edition, 
revised and enlarged, and illustrated by 269 wood engravings. 8vo, 
cloth $3.00 

RADFORD, C. S., Li ut. Handbcok en Ifaval Gtmnery. 
Prepared by Authority of the Navy Department. For the use 
of U. S. Navy, U. S. Marine Corps, and U. S. Naval Reserves. 
Revised and enlarrod, with the assistance of Stokely Moigan, 
Lieut. U. S. N. Third Edition^ revised and enlarged. 12mo, 
flexible leather $2.00 

RAFTER, G. W. Treatmmt of Septic Sewage {Van 
Nostrand^s Science Series, No, 118). 16mo, cloth 50 

Tables for Sewerage and Hydraulic Engineers. In Press, 

and BAKER, M. If. Sewage Disposal in the United 

States. Illustrations and folding plates. Third Edition. 8vo, 
cloth $6.00 

RAH, G. S. The Incandescent Lamp and its Manufac- 
ture. 8vo, cloth $3.00 

RAMP, H. M. Foundry Practice In Press, 

RANDALL, J. E. A Practical Treatise on the Incan- 
descent Lamp. 16mo, cloth, illustrated 60 

RANDALL, P. M. Quartz Operator's Handbook. New 

Edition, revised and enlarged, f idly illustrated. 12mo, cloth, $2.00 

RANDAU, P. Enamels and Enamelling. An introduction 

to the preparation and application of all kinds of enamels for 
technical and artistic purposes. For enamel-makers, workers 
in gold and silver, and manufacturers of objects of art. Third 
German Edition. Translated by Charles Salter. With figures, 
diagrams and tables. 8vo, cloth, illustrated net, $4.00 

RANKINE, W. J. M. Applied Mechanics. Comprising 

the Principles of Statics and Cinematics, and Theory of Struc- 
tures, Mechanism, and Machines. With numerous diagrams. 
Seventeenth Edition, thoroughly revised by W. J. Millar. 8vo, 
cloth $5.00 

Civil Engineering. Comprising Engineering Sur- 
veys, Earthworic, Foundations, Masonry, Carpentry, Metal- 
work, Roads, Railways, Canals, Rivers, Water-works, Harbors, 
etc. With numerous tables and illustrations. Twenty-first 
Edition, thoroughly revised by W. J. Millar. 8vo, cloth $6 . 50 
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RANKHfE W. J. M. Machineiy and Millwork. Com- 

prifling the Geometry, Motiomi, Work, Strength, Construction, and 
Objects of Machines, etc. Illustrated with nearlv 300 woodcuts. 
Seventh EdiHan, thoroughly revised by W. S. Millar. 8vo, 
doth $6.00 

The Steam-engine and Other Prime Movers. With 

diagram of the Mechanical Properties of Steam. Folding plates, 
numerous tables and illustrations. Fifteenth Edition, thor- 
oughly revised by W. J. Millar. 8vo, cloth $6.00 

Useful Rules and Tables for Engineers and Others. 

With Appendix, Tables, Tests and Formula* for the use of Elec- 
trical Engineers. Comprising Submarine Electrical Engineering, 
Electric Lighting and Transmission of Power. By Andrew 
Jamieson, C.E., F.R.S.E. Seventh EdiHon, thoroughly revised 
by W. J. Millar. 8vo, doth $4.00 

and BAMBER, £. F., C.E. A Mechanical Text-book. 

With numerous illustrations. Fifth Edition, 8vo, doth. . $3.fiO 

RAPHAEL, F. C. Localization of Faults in Electric 

Li^ht and Power Mains, with chapters on Insulation Testing 
With figures and diagrams. Second Edition, revised, 8vo' 
cloth, illustrated net,tS .00» 

RAYMOND, E. B. Alternating-current Engineering Prac- 
tically Treated. With numerous diagrams and figures. 12mo, 
cloth net, $2.50 

RAYNERy H. Silk Throwing and Waste Silk Spinning. 
With numerous diagrams and figures. 8vo, cloth, illustrated, 

net, $2.50 

RECIPES for the Color, Paint, Varnish, Oil, Soap and 

Drysalteiy Trades. Compiled by an Analytical Chemist. 8vo, 
doth $3.60 

RECIPES FOR FLINT GLASS MAKING. Being Leaves 

form the mixing-book of several experts in the Flint Glass Trade. 
Ck>ntaining up-to-date recipes and valuable information as to 
Crystal, Denu-crystal, and Colored Glass in its many varieties. 
It contains the recipes for cheap metal suited to pressing, blowing, 
etc., as well as the most costly Crystal and Rub v. British manu- 
facturers have kept up the Quality of this class from the arrival of 
the Venetians to Hungry ilill, Stourbridge, up to the present 
time. The book also contains remarks as to the result of the 
metal as it left the pots by the respective metal mixers, taken 
from their own memoranda upon tne originals. Compiled by 
a British Glass Master and Mixer. 12mo, cloth net, $4.50 
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REED'S ENGINEERS' HANDBOOK, to the Local Marine 

Board Examinations for Certificates of Competency as First and 
Second Class Engineers. By W. H. Thorn. With the answers 
to the Elementary Questions. Ulustrated by 86S diagrams 
and 37 laige plates. SeverUeenlh Edition, Teviied and enSxrged. 
8vo, doth $5.00 

Key to the Seyenteenth Edition of Reed's Engineer's 

Handbook to the Board of Trade Examination for First and 
Second Class En^eers and containing the workings of all the 
questions given m the examination papers. By W. H. Thorn. 
8vo, cloth S3. 00 

Useful Hints to Sea-going Engineers, and How to 

Repidr and Avoid '' Breakdowns": also Appendices containing 
Bouer Explosions, Useful Formulse, etc. With 42 diagrams 
and 8 plates. Third Edition, revised and enlarged. 12mo, 
cloth SI .50 

Marine Boilers. A Treatise on the Causes and Pre- 
vention of their Priming, with Remarks on their General Manage- 
ment. 12mo, cloth, illustrated S2.00 

REINHARDT, C. W. Lettering for Draftsmen, Engineers, 

and Students. A Practical System of Free-hand Lettering for 
Working Drawings. Revised and enlarged edition. Thirteenth 
Thousand, Oblong, boards Si .00 

' The Technic of Mechanical Drafting. A Practical 

guide to neat, correct and legible drawing, containing many illus- 
trations, diagrams and full-page plates. 4to, cloth, illus. . . SI . 00 

REISER, F. Hardening and Tempering of Steel, in Theory 

and Practice. Translated from the German of the third and 
enlarged edition, by Arthur Morris and Heibert Robson. 8vo, 
cloth, 120 pages S2.60 

REISER, N. Faults in the Manufacture of Woolen Goods, 

and their Prevention. Translated from the second German 
edition, by Arthur Morris and Heibert Robson. Svo, cloth, 
illustrated net, $2.50 

Spinning and Weaving Calculations with special 

reference to Woolen Fabrics. Translated from the German by 
Chas. Salter Svo, doth, illustrated net, S5.00 

EUCE, J. M., and JOHNSON, W. W. On a New Method 

of Obtaining the Differential of Functions, with especial refer- 
ence to tbeNewtonian Conception of Rates or Velocities. 12mo, 
paper 50 
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RIDEAL, S., D.Sc. Glue and Glue Testing, with figures 

and tables. 8vo, cloth, illustrated net, $4.00 

RINGWALTy J. L. Deyelopment of Transportaticn Sys- 
tems in the United States, comprising a Comprehensive Deflcrip- 
tion of the leading features of advancement from the colonial 
era to the present time, in water channels, roads, turnpikes, 
canals, railways, vessels, vehicles, cars, and locomotives; the 
cost of transportation at various periods and places by the diffep- 
ent methods; the financial, engineering, mechanical, govern- 
mental and popular questions tliat have arisen, and notable 
incidents in railway history, construction and operation. With 
illustrations of hundreds of typical objects. Quarto, half mo- 
rocco $7.60 

RIPPER, W. A Course of Instruction in Machine Drawing 

and Design for Technical Schools and Engineer Students. With 
52 plates and numerous explanatory engravings. FoUo, doth, 

nel,$6.00 

ROBERTSON, L. S. Water-tube Boilers. Based on a 

short course of Lectures delivered at University College, London. 
With upward of 170 illustrations and diagrams. 8vo, cloth, 
illuatiated $3.00 

ROEBLING, J. A. Long and Short Span Railway Bridges. 

Illustrated with large copper-plate engravings of plans and views. 
Imperial folio, cloth $25.00 

ROSE, J.y M.E Tht Pattern-makers' Assistant. Embrac- 
ing Lathe Work, Branch Work, Core Work, Sweep Work and 
Practical Gear Constructions, the Preparation and Use of Tools, 
together with a larre collection of useful and valuable Tables. 
Ninth Edition. With 250 engravings, 8vo, cloth $2.50 

Key to Engines and Engine-nmning. A Practical 

Treatise upon the Management of Steam-engines and Boilers for 
the use of those who dfesire to paas an examination to take 
charge of an engine or boiler. With numerous illustrations, 
and Instructions upon Engineers' Calculations, Indicators^ 
Diagrams, Exigine Adjustments and other Valuable Information 
necessary for Engineers and Firemen. 12mo, cloth. HIus. . $2.50 

ROWAN, F. J. The Practical Physics of the Modem 

Steam-boiler. With an Introduction by Prof. R. H. Thurston. 
With numerous illustrations and diagrams. 8vo, doth, illus- 
trated $7.50 

SABINE, R. History and Progress of the Electric Tele- 
graph. With descriptions of some of the apparatus. Second 
Edition, with additions. 12mo, cloth $1 .25 
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SAELTZER, A. Treatise on Acoustics in Connection 

with Ventilation. 12mo, doth $1 .00 

SALOMONS, Sir D., MJl. Electric-light Installations. 

A Practical Handbook. Eighth Edition, revised and enlarged, 
with numeraue Hhistrations, Vol. I., The Management of Accu- 

mulatora. 12mo, cloth $1 . 60 

Vol. II., AppaiatUB. 296 illustrations. 12mo, cloth $2.25 

Vol. III.. Applications. 12mo, cloth $1 . 50 

SANFORD, P. G. Nitro-ezplodyes. A Practical Treatise 

concerning the Properties, Manufacture and Analysis of Nitrated 
Substances, including the Fulminates, Smokeless Powders and 
Celluloid. 8vo, cloth, 270 pages $3.00 

SAUNDERS, C. H. Handbook of Practical Mechanics 

for use in the Shop and Draughting-room; containing Tables, 
Rules and Formulse, and Solutions of Practical Problems by 
Simple and Quick Methods. 16mo, limp cloth $1 . OO 

SAUNNIER, C. Watchmaker's Handbook. A Workshop 

Companion for those engaged in Watchmaking and allied Mechan- 
ical Arts. Translated by J. Tripplin and £. lUgg. Second Edi- 
lion, revised, with appendix, 12mo, doth $3 . 50 

SCHELLENy H., Dr. Magneto-electric and Dynamo- 
electric Machines: their Construction and Practical Application 
to Electric Lighting, and the Transmission of Power. Trans- 
lated from the third German edition by N. S. Keith and Percy 
Ne3anann, Ph.D. With very larse adcUtions and notes relating 
to A^ierican Machines, by N. S. Keith. Vol. 1, with 353 illus- 
trations. Second Edition. 8vo, cloth $5.00 

SCHUMANN, F. A Manual of Heating and Ventilation 

in its Practical Application, for the use of Engineers and Archi- 
tects. Embracing a Series of Tables and FormmsB for Dimensions 
of Heatine, Flow and Return Pipes for Steam and Hot-water 
Boilers, Flues, etc. 12mo, illustrated, full roan $1 .50 

SCHMALL, C. N., and SHACK, S. M. Elements of Plane 

Geometry. An Elementary Treatise. With many examples and 
diagrams. 12mo, half leather, illustrated net, $1 .25 

SCIENCE SERIES, The Van Nostrand. (Follows end of 

this list.) 
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SCRIBNER, J. M. Ei^eers' and Mechanics' Com- 
panion. Coipprising United States Weishts and Measures. 
Mensuration of Superfiees and Solids, TaBles of Squares and 
Cubes, Square and Cube Roots, Circumference and Areas of 
Circles, the Mechanical Powers, Centres of Gravity, Gravitation 
of Bodies, Pendulums, Specific Gravity of Bodies, Strength, 
Weiffht and Crush of Materials, Water-wheels. Hydrostatics, 
Hydraulics, Statics, Centres of Percussion and Gyration, Friction 
Heat, Tables of the Weight of Metals, Scantlms, etc., Steam 
and Steam-engine. Twenty-first Edition, revised. 16mo, full 
morocco $1 . 50 

SEATON, A. E. A Manual of Marine Engineering. Com- 

Srisinjg the Designing, Construction and Working of Marine 
[achmery. With numerous tables and illustrations reduced from 
Working Drawings. I4th Edition, revised throughout, with an 
additional chapter on Watei^tube Boilers. 8vo, cloth $6.00 

and ROUNTHWAITE, H. M. A Pocketbook of 

Marine Engineering Rules and Tables. For the use of Marine 
Engineers and Naval Architects, Designers, Draughtsmen, 
Superintendents and all engaged in the design and construction 
of Marine Machinery, Naval and Mercantile. Seventh Edition, 
revised and enlarged. Pocket size. Leather, with diagrams. $3.00 

SEELIGMANW, T., TORRILHON, G. L., and FALCONlfET, 

H. India Rubber and Gutta Percha. A complete practical 
treatise on India Rubber and Gutta Percha, in tneir historical, 
botanical, arboricultural, mechanical, chemical and electrical 
aspects. Translated from the French, by John Geddes Mcintosh. 
8vo, cloth, illustrated, 412 pages net, $7 . 50 

SEVER, G. F.y Prof. Electrical Engineering Experi- 
ments and Tests on Direct-current Machinery. With diagrams 
and figures. 8vo pamphlet, illustrated net, ll .00 

and TOWNSEND, F. Laboratory and Factory Tests 

in Electrical Engineering. 8vo, cloth, illustrated, about 225 
pages In Press. 

SEWALL, C. H. Wireless Telegraphy. With diagrams 

and engravings. Second Edition, corrected. 8vo, doth, illus- 
trated nee, $2.00 

Lessons in Telegraphy. For use as a text-book 

in schools and colleges, or for individual students. Illustrated. 
12mo, doth $1.00 

SEWELL, T. Elements of Electrical Engineering. A 

First Year's Course for Students. Second Edition, revised, with 
additional chapters on Alternating-current Working and Ap- 
pendix of Questions and Answers. With many diagrams, tables 
and examples. 8vo, cloth, illustrated, 432 pages net, $3 . 00 
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SEXTONy A. H. Fuel and Refractory Materials. Syo, 

cloth $2.00 

Chemistry of the Materials of Engineering. A Hand- 
book for Engineerinff Students. With tables, diagrams and 
illustrations. 12mo, cloth, illustrated S2.50 

SEYMOUR, A. Practical Lithography. With figures and 

engravings. 8vo, cloth, illustrated. net, $2 .50 

SHAW, S. The History of the Staffordshire Potteries, and 
the Rise and Progress of the Manufacture of Pottery and Por- 
celain; with references to genuine specimens, and notices of 
eminent potters. A re-issue of the original work published in 
1829. 8vo, cloth, illustrated net,%S.OO 

Chemistry of the Several Natural and Artificial 

Heterogeneous Compounds used in Manufacturing Porcelain, 
Glass and Pottery. Re-issued in its original form, published in 
1837. 8vo, cloth net, %5 .00 

SHAW, WM. J., Lieut-Col. Studies in Map Reading 

and Field Sketching. An aid to passing outdoor examinations in 
these subjects. Illustrated with 15 folding plates. 12mo, cloth, 
illustrated, 148 pages nef, $2.50 

Tactical Operations for Field Officers: being Up-to- 
date schemes worked out on training grounds at home stations. 
With folding plates and maps. 12mo, cloth, illustrated, 321. 
pages $3.00 

SHELDON, S.. Ph.D., and MASON, H., B.S. Dynamo- 
electric Machinery: its Construction, Design and Operation. 
Direct-current Machines. Fourth Edition, revised, 8vo, cloth, 
illustrated ne(, $2.60 

Alternating-current Machines: being the second 

volume of the author's '' Dynamo-electric Machinery : its Construc- 
tion, Design and Operation. " With many dia^pnams and figures. 
(Binding uniform with volume I.) Third Edition, 8vo, cloth, 
illustrated net, $2.50 

SHERRIFF, F. F. Oil Merchants' Manual, and Oil Trade 

Ready Reckoner. With two sheets of tables. Second Edition, 
revised and enlarged. 8vo, cloth net, $3.50 

SHIELDS, J. E. Notes on Engineering Construction. 

Embracing Discussions of the Principles involved, and Descrip- 
tions of the Material employed in Tunneling, Bridging, Canal and 
Road Building, etc 12mo, doth. $1 .50 
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SHOCK, W. H. Steam Boilers: their Demgn, Constnic- 

tion and Management. 4to, half moioooo $15.00 

SHREVE, S. H. A Treatise on the Strength of Bridges 
and Roofs. Comprising the determination of tubrebraic formulas 
for strains in Horizontal, Inclined or Rafter, '[Riangular, Bow, 
string, Lenticular and other Trtisses, from fixed and moving loads- 
with practical applications and examples, for the use of Students 
and Engineers. 87 woodcut illustrations. Fourth Edition, Svo, 
cloth. $3.50 

SHUNK, W. F. The Field Engineer. A Handy Book 

of practice in the Sur>'ey, Location and Truck-work of Railroads, 
containing a laree collection of Rules and Tables, original and 
selected, applicable to both the Standard and Narrow Gauge, 
and prepared with special reference to the wants of the young 
Engineer. Sixteenth Edition, revised and enlarged. With 
addenda. 12mo, morocco, tucks $2.50 

SIMMS, F. W. A Treatise on the Principles and Practice 

of Leveling. Showing its application to purposes of Railway 
Engineering, and the Construction of Roads, etc. Revised and 
corrected, with the addition of Mr. Laws' Practical Examples for 
setting out Railway Curves. Illustrated. Svo, cloth $2 . 50 

Practical Tunneling. Fourth Edition, Revised and 

greatly extended. With additional chapters illustrating recent 
practice by D. Kinnear Clark. With 36 plates and other illustra- 
tions. Imperial Svo, doth. $12.00 

SIMPSON, 6. The Nayal Constructor. A Vade Mecum 

of Ship Desi^, for Students, Naval Architects, ShipBuildeFS and 
C>wner8, Marine Superintendents, Engineers and Draughtsmen. 
12mo, morocco, illustrated, 500 pages $5.00 

SLATER, J. W. Sewage Treatment, Purification and 

Utilization. A Practical Manual for the Use of Corporations, 
Local Boards, Medical Officers of Health, Inspectors of Nuisances, 
Chemists, Manufacturers, Riparian Owners, Engineers and Rate- 
payers. 12mo, doth. $2.25 

SMITH, I. W., C.E The Theory of Deflections and of 

Latitudes and Departures. With special applications to Curvi- 
linear Surveys, for Alignments of Railway Tracks. Illustrated. 
16mo, morocoo, tucks $3.00 

SMITH, J. C. Ma-iufac'ure of Paint. A Practical Hand- 
book for Paint Manufacturers, Merchants and Painters. With 
60 illustrations and one large diagram. Svo, doth. • . .fiil^ $8«00 
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SNELLy A T. Electric Motiye Power: The Ttansmission 

and Distribution of Electric Power by Continuous and Alternate 
Currents. With a Section on the Applications of Electricity to 
Mining Work. Second Edition, 8vo, cloth, illustrated $4 . 00 

SOXHLET, D. H Art of Dyeing and Staining Marble, 
Artificial Stone, Bone, Horn, Ivory and Wood, and of imitating 
all sorts of Wood. A practical Handbook for the use of Joiners, 
Turners, Manufacturers of Fancy Goods, Stick and Umbrella 
Makers, Comb Makers, etc. Translated from the German by 
Arthur Morris and Herbert Robson, B.Sc. 8vo, cloth, 170 
pages net, S2 . 50 

SPAIfG. H. W , A Practical Treatise on Lightning Pro- 
tection. With' figures and diagrams. 12mo, doth. $1 .00 

SPEYERS, C. L. Text-book of Physical Chemistry. 
8vo, cloth. S2.25 

STAHL, A. W., and WOODS, A. T. Elementary Mechan- 
ism. A Text-book for Students of Mechanical Engineering. - 
Thirteenth Edition, enlarged. 12mo, doth $2.00 

STALEY, C.y and PIERSON, 6. S. The Separate System 

of Sewerage: its Theory and Construction. Third Edition, 
revised and enlarged. With chapter on Sewage Disposal. With 
maps, plates and illustrations. 8vo, cloth S3 . 00 

STAIfDAGE H. C. Leatherworkers' Manual: being a 

Compendium of Practical Redpes and Workins Formulse for 
Cumers, Boot-makers, Leather Dressers, Blacking Manufac- 
turers, Saddlers, Fancy Leather Workers and all persons en- 
gaged in the manipulation of leather. 8vo, cloth net, S3 . 50 

Sealing Waxes, Wafers and Other Adhesive. For 

the Household, Office, Workshop and Factory. 8vo, cloth, 96 
pages : net,%2.00 

STEWART R. W. A Text-book of Light. Adapted to 

the Requirements of the Intermediate Science and Preliminary 
Scientific Examinations of the University of London, and also 
for General Use. Numerous diagrams and examples. 12mo 
cloth $1 .00 

Text-book of Heat. Illustrated. Syo, Cloth, Si.oo 

Text-book of Magnetism and Electricity. z6o HIhs- 

t rations and numerous examples. 12mo, cloth $1 .00 

Elementary Text-book of Magnetism and Electricity. 

With numerous figures and diagrams. 12mo, cloth $1 .00 
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STILES, A. TaUes for Field Engineers. Designed for 

Use in the Field. I'ablee containing all the Functions of a One 
Degree Curve, from which a corresponding one can be foimd lor 
any required Degree. Also, Tables of Natural Sines and Tangents. 
12mo, morocco, tucks rs2.00 

STILLHANy P. Steam-engine Indicator and the Lnproyed 

Manometer Steam and Vacuum Gauges; their Utility and Appli- 
cation. New edition, 12mo, flexible cloth $1 .00 

STODOLA, A.. Dr. The Steam Turbine, ^ith 300 dia- 
grams and illustrations. Authorized translation by Dr. L. C. 
Loewenstein In Press. 

STONE, R., Gen'l. New Roads and Road Laws in the 

United States. 200 pages, with numerous illustrations. 12mo, 
cloth. $1 .00 

STONEY, B. D. The Theory of Stresses in Girders and 

Similar Structures. With Observations on the Application of 
Theory to Practice, and Tables of Strength, and other Properties 
of Materials. New revised edition, with numerous additions on 
Graphic Statics, Pillars, Steel, Wind Pressure, Oscillating Stresses, 
Working Loads, Riveting, Strength and Tests of Materials. 
777 pages, 143 illus. and 5 folding-fSates. 8vo, cloth $12.50 

STUART, C. B., n.S.N. lives and Works of Civil and 

Military Engineers of America. With 10 steel-plate engravings. 
8vo, cloth $5.00 

The Naval Dry Docks of the United States. Illus- 
trated with 24 fine engravings on steel. Fourth EdUion, 4tOy 
cloth $6.00 

SUFFLIN6, E. R. Treatise on the Art of Glass Painting. 

Prefaced with a Review of Ancient Glass. With engravings and 
colored plates. 8vo, cloth net^ $3 . 60 

SWEET, S. H. Special Report on Coal, Showing its Dis- 
tribution, Classification, and Costs delivered over Different Routes 
to Various Points in the State ot New York and the Principal 
Cities on the Atlantic Coast. With maps. 8vo, cloth $3.00 

SWOOPE, C. W. P actical Lessons in Electricity: Prin- 
ciples, Experiments and Arithmetical Problems. An Elementary 
Text-book. With numerous tables, formulse, and two laree in- 
struction plates. 8vo, cloth, illustrated. Fifth Edition . . net, $2 . 00 
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TAILFERy L. Practical Treatise on the Bleaching of 

Linen and Cotton Yam and Fabrics. With tables and diagrams. 
Translated from the French by John Geddes Mcintosh. 8vo, 
cloth, illustrated netf $5.00 

TEMPLETON, W. The Practical Mechanic's Workshop 

Companion. Comprising a ^reaU variety of the most useful 
rules and formulae in Mechanical Science, with numerous tables 
of practical data and calculated results facilitating mechanical 
operations. Revised and enlarged by W. S. Hutton. 12mo, 
morocco $2 .00 

TESLA, N. Experiments with Alternate Currents of High 

Potential and High Frequencjr. A Lecture delivered before the 
Institution of Electrical Engineers, London. With a portrait 
and biographical sket<:h of the author. With figures and dia- 
grams. 12mo, cloth, illustrated. New Edition In Press, 

THOM, C, and JONES, W. H. Telegraphic Connections: 

embracing Recent Methods in Quadruplex Telegraphy. 20 full- 
page plates, some colored. Oblong, 8vo, cloth $1 .50 

THOMAS, C. W. Paper-makers' Handbook. A Practical 

Treatise. Illustrated. In Press. 

THOMPSON, A. B. Oil Fields of Russia and the Russian 
Petroleum Industry. A Practical Handbook on the Explora- 
tion, Exploitation, and Management of Russian Oil Properties, 
including Notes on the Origin of Petroleum in Russia, a Descrip- 
tion of the Theory and Practice of Licjuid Fuel, and a Translation 
of the Rules and Regulations concerning Riissian Oil Properties. 
With numerous illustrations and photographic plates and a map 
of the Balakhany-Saboontchy-Romany Oil Field. 8vo, cloth, 
illustrated n«t, $15.00 

THOMPSON^ E. P., MJS. How to Make Inyentions; 

or. Inventing as a Science and an Art. A Practical Guide for 
Inventors. Second Edition, 8vo, boards $1 .00 

Roentgen Rays and Phenomena of the Anode and 

Cathode. Principles, Applications, and Theories. For Students, 
Teachers, Physicians, Fnotographers, Electricians and others. 
Assisted by Louis M. Pisnolet, N. D. C. Hodges and Ludwig 
Gutmann, E.E. With a chapter on Generalizations, Ammients, 
Theories, Kindred Radiations and Phenomena. By Professor 
Wm. Anthony. 50 diagrams, 40 half-tones. 8vo, cloth. . . $1 . 50 
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THORNLEY. T. Cotton Combing Machines. With Nu- 
merous tables, engravings and diagrams. Svo, cloth, illustrated, 

343 pages net, $3.00 

Contents, — Preface; List of Illustrations; The Silver Lap Ma- 
chine; Ribbon Lap Machine and Draw-frame; General D^rip- 
tion of the Heilmann Ck>mber; The Cam Shaft; The Detaching 
and Attaching Mechanism of the Comber; The Duplex Comber; 
Resetting of Combers; The Erection of a Heilmann Comber; 
Stop Motions; Various Calculations; Various Notes and Dis- 
cussions; Cotton Combing Machines of Continental Make; Index. 

TODD, J., and WHALL, W. B. Practical Seamanship 

for Use in the Merchant Service: including all ordinary subjects; 
also Steam Seamanship, Wreck Lifting, Avoiding Collision. Wire 
Splicing, Displacement and everything necessary to be known 
by seamen of the present day. Fifth Edition, with 247 iUu»- 
trations and diagrams. 8vo, cloth net, $7 . 50 

TOOTHED GEARING. A Practical Hand book for Offices 

and Workshops. By a Foreman Patternmaker. 184 illustra- 
tions. 12mo, cloth $2.25 

TRATMAN, E. E. R. Railway Track and Track-work. 

With over 200 illustrations. Svo, cloth $3 .00 

TRAVERSE TABLE, Showing Latitude and Departure 

for each Quarter Degree of the Quadrant, and for Distances from 1 
to 100, to which is appended a Table of Natural Sines and Tan- 
gents for each five minutes of the Quadrant. (Reprinted from 
Scribner's Pocket Table Book.) Van Nostrand's Science Series. 

16mo, cloth $0.50 

Morocco $1 . 00 

TREVERTy E. How to Build Dynamo-electric Machinery, 

embracing Theory, Desiniing, and Construction of Dvnamos and 
Motors. With appendices on Field Magnet and Armnture 
Winding, Management of Dynamos and Motors, and Useful 
Tablec^of Wire Gauges. Svo, cloth, illustrated $2 . 50 

Electricity and its Recent Applications. A Practical 

Treatise for Students and Amateurs, with an Illustrated Dictioniurv 
of Electrical Terms and Phrases. 12mo, cloth. $2 . 00 

TUCElERy J. H., Dr. A Manual of Sugar Analysis, in- 
cluding the Applications in General of Analytical Methods to the 
Sugar Industry. With an Introduction on the Chemistrv of 
Cane-sugar, Dextrose, Levulose and Milk-flugar. Svo, dfoth, 
illustrated $3.50 
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TUMLIRZy 0., Dr. Potential and its Application to the 

Exj^Anation of Electric Phenomena, Popularly Treated. Trans- 
lated from the Qerman by D. Robertson. 12mOp cloth, iU. $1 . 25 

TUNNERf P. A. Tteatisd on RoU-tuming for the Manu- 
facture of Iron. Translated and adapted by John B. Pearse, of 
the Pennsylvania Steel Works, with numerous engravings, wood- 
cuts. 8vo, doth, with folio atlas of plates $10.00 

n]!n)ERHILLy C. R. The Electro-magnet. N w and 

revised edition. 8vo, cloth, illustrated $1 . 50 

URQUHART, J. W. Electric Light Fitting. Embodying 

Practical Notes on Installation Management. A Handbook for 
Workinff Electrical Ei^ineers. With numeroxis illustrations. 
12mo, dfoth $2.00 

Electro-plating. A Practical Handbook on the Depo- 
sition of Copper, Silver, Nickel, Gold, Brass, Aluminium, Plati- 
num, etc. Fourth Edttion. 12mo $2. 00 

Electrotyping. A Practical Manual Forming a New 

and S3r8tematic Guide to the Reproduction and Multiplication of 
Printing Surfaces, etc. 12mo $2.00 

Dynamo Construction. A Practical Handbook for the 

Use of Engineer Constructors and ElectrSsians in Charge, em- 
bracing Frame Work Building, Field Magnet and Armature 
Winding and Grouping, Compounding, etc., with Examples of 
L^Ebding English. American and Continental D3mamos and Motors, 
with numerous illustrations. 12mo, cloth $3.00 

Electric Ship Lighting. A Handbook on the Practical 

Fitting and Running of Ship's Electrical Plant. For the Use of 
Ship Owners, and Builders, Marine Electricians and Sea-ffoing 
Engineers-in-Charge. Numerous illustrations. 12mo, cloth, 

$3.00 

ninVERSAL TELEGRAPH CIPHER CODE. Arranged 

for General Correspondence. 12mo, cloth. $1 .00 

VAIf NOSTRAIfD'S Engineering Magazine. Complete Sets, 

1869 to 1886 inclusive. 35 vols., m cloth $60.00 

** ** in half morocco $100.00 

Year Book of Mechanical Engineering Data. With 

many tables and diagrams. (First Year of issue 1905.) In Press, 
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VAS WA6ENEN. T. F. Manual of Hydraulic Mfaung. 

For the Use of the Practical Miner. Revised and enkarffed edition. 
18mo, doth $1 .00 

VILLON, A. M. Practical Treatise on the Leather Industry. 

With many tables and illustrations and a copious index. A trans- 
lation of Villon's "Traite Pratique de la Fabrication des Curo et 
du Travail des Peaux," by frank T. Addyman, B.Sc. 8vo. 
cloth, illustrated net, $10.00 

VINCENT, C. Ammonia and its Compotmds: their 
Manufacture and Uses. Translated from the French by M. J. 
Salter. 8vo, cloth, illustrated net, $2.00 

VOLK, C. Haulage and Winding Appliances Used in 
Mines. With plates and engravings. Tnuislated from the Gei^ 
man. 8vo, cloth, illustrated net, $4 .00 

VON GEORGIEVICS, G. Chemical Technology of Textile 

Fibres: their Origin, Structure, Preparation, Washing, Bleaching, 
Dyeing, Printing, and Dressing. Translated from the German 
by Charles Salter. With many diagrams and figures. 8vo, cloth, 

illustrated. 306 pages net, $4.50 

CorUenta. — ^The Textile Fibres; Washing^, Bleaching, and Car- 
bonizing; Mordants and Mordanting; Dyeing, Printing, Dressing 
and Finishing; Index. 

Chemistry of*Dyestuffs. Translated from the Second 

Oerman edition by Chas. Salter. 8vo, cloth, 412 pages. . . net, $4 . 50 

WABNER, R. Ventilation in Mines. Translated from 

the. German by Charles Salter. With plates and engravings. 
8vo, cloth, illustrated, 240 pages net,94.50 

WADE, E. J. Secondary Batteries: their Theory, Con- 
struction and Use. With innumerable diagrams and figures. 
8vo, cloth, illustrated, 492 pages n^, (4 .00 

WALKER, P., C.E. AlSrial Navigation. A Practical 

Handbook on the Construction of Dirigible Balloons, Aerostats, 
Aeroplanes and Aeromotors. With diagrams, tables and illua- 
trations. 8vo, cloth, illustrated, 151 pages net, 9S. 00 

WALKER^ W. H. Screw Propulsion. Notes on Screw 
Propulsion; its Riseand History. 8vo, cloth $0.75 

WALKER, S. F. Electrical Engineering in Our Homes 

and Workshops. A Practical Treatise on Auxiliary Electrical j 
Apparatus. Third Edition, revised, with numerous illustrations. 
8vo, cloth $2.00 
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I WALBXR, S. F. Electric Lighting for Marine Engineers, 

or How to Light a Ship by the l^ectric Light and How to Keep the 
Apparatus in Order. 103 illus., 8vo, cloth Second Edition . . 92 . 00 

WALLING, B. T., Lieut. Com. n.S.N., and MARTDT, JULIUS. 

Electrical Installations of the United States Navy. With many 
diagrams and engravings. 8vo, cloth, illustrated In Press. 

WALLIS TAYLER, A. J. Modem Cycles, a Practical 

Handbook on Their Construction and Repair. With 300 illustra- 
f tions. 8vo, doth $4.00 

Motor Cars, or Power Carriages for Common Roads. 

W^ith nimierous illustrations. 8vo, cloth SI . 80 

Bearings and Lubrication. A Handbook for Eyery 

user of Machinery. Fully iUustrated. 8vo, doth $1 . 50 

Refrigerating and Ice-making Machinery. A Descrip- 

I tive Treatise for the use of persons employing refrigerating and 

ice-making installations, and others. 8vo, doth, illustrated. S3. 00 

Refrigeration and Cold Storage: being a Complete 

( practical treatise on the art and sdence of r^geration. 600 
pages, 361 diagrams and figures. 8vo, cloth net, $4.50 

I Sugar Machinery. A Descriptive Treatise, deyoted 

' to the Machinery and Apparatus used in the Manufacture of 
Cane and Beet Sugars. 12mo, doth, illustrated $2.00 

WAITELYN, J. A. A Practical Treatise on the Exam- 

' ination of Milk and its Derivatives, Cream, Butter and Cheese. 
12mo, doth, •. $1.00 

Water Analysis. A Practical Treatise on the Exam- 

' ination of Potable Water. Tenth EdiHon. 12mo, doth $2 . 00 

WAlTSBROtJGH, W. D. The A B C of the Differential 
Calculus. 12mo, doth. $1 .50 

WARD, J. H. Steam for the Million. A Popular Treat- 
ise on Steam, and its application to the Useful Arts, espedallv to 
Navigation. 8vo, cloth. $1 .00 

WARING, 6. E., Jr. Sewerage and Land Draina^. 

Illustrated with woodcuts in the text, and full-page and foldmg 
plates. Quarto. Cloth. Third Ediiion. $6.00 
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WARING, 6. E., Jr. Modem Methods of Sewage DiqKwals 

for Towns, Public Institutioiis and Isolsted HouaeB. Second 
Edition, revised and enlarged. 260 pages. lUus. Cloth. . . $2. 00 

How to Drain a House. Practical Information for 

Householders. Third Edition, enlarged. 12mo, cloth $1 .25 

WATSON, E. P. Small Engines and Boilers. A Manua' 
.. ,of Cotncise and Specific Directions for the Construction of Small 
Steam-eiigines and Boilers of Modem Tvp<» from five Horse- 
power down to model sizes, llliistratea with Numerous Dia- 
grams and Half-tone Cuts. 12mo, cloth SI .25 

WATT, A. Electro-plating and Electro-refining of Metals: 

being a new edition of Alexander Watts' ''Electro-Deposition." 
Reiyised and largely rewritten by Arnold Philip, B.Sc. With 
numerous figures and engravings. 8vo, doth, lUustrated, 680 
pages net, S4.50 

Electro-metallurgy Practically Treated. Eleventh 

Edition, considerably enlarged. 12mo, cloth SI .00 

The Art of Soap-making. A Practical Handbook of 

the Manufacture of Hard and Soft Soaps, Toilet Soaps, etc. In- 
cluding many New Processes, and a Chapter on the Kecovery of 
Glycenne from Waste Lyes. With illustrations. Fifth Edition, 
revised and enlarged. 8vo, cloth $3 .00 

The Art of Leather Manufacture: being a Practical 

Handbook, in which the Operations of Tanning, Curryinff and 
Leather Dressing are Fully Described, and the Principles of 
Tanning Explained, and many Recent Processes Introduced. 
With numerous illustrations. Second Edition. 8vo, cloth. . S4 . GO 

WEALE^ J. A Dictionary of Terms Used in Architecture, 

Building, Engmeering, Mining, Matullargy, Archseolog]^, the Fine 
Arts, etc., with explanatory observationer connected with applied 
Science and Art. Fifth Edition, revised and corrected. l2mo, 
cloth S2.50 

WEBB, H. L. A Practical Guide to the Testing of Insu- 
lated Wires and Cables. Illustrated. 12mo, cloth $1 . 00 

The Telephone Handbook. 128 Illustrations. 146 

pages. 16mo, cloth $1 .00 

WEEKES, R. W. The Design of Alternate Current Trans- 
formers. Illustrated. 12mo, cloth SI .00 
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WEISBACH, J. A Manual of Theoretical Hechanica. 

Ninth American edUion, Translated from the fourth augpiented 
and improved German edition, with an Introduction to the Calculus 
by Ecluey B. Coxe, A.M., Mining Engineer. 1,100 pages and 902 

woodcut illustrations. 8vo, cloth $6.00 

Sheep $7.60 

Mechanics of Air Machinery. Translated with an 

ap{)endix on American Practice by I^f . A. Trowbridge, Coliunbia 
University In Press. 

WESTON, E. B. Tables Showing Loss of Head Due to 

Friction of Water in Pipes. Second Edition. 12mo, cloth. . $1 . 50 

WEYMOUTH, F. M. Drum Armatures and Commutators. 

(Theory and Practice.) A complete Treatise on the Theory 
and Construction of Drum Winding, and of commutators for 
closed-coil armatures, toother with a full r6sum6 of some of the 
principal points involved in their design, and an exposition of 
armature reactions and sparking. 8vo, cloth $3 .00 

WHEELER, J. B., Prof. Art of War. A Course of 

Instruction in the Elements of the Art and Science of War, for 
the Use of the Cadets of the United States Military Academy, 
West Point, N. Y. 12mo, cloth $1 .76 

Field Fortifications. The Elements of Field Forti- 
fications, for the Use of the Cadets of the United States Military 
Academy, West Point, N. Y. 12mo,cloth $1.76 

WHIPPLE, S., C.E. An Elementary and Practical Treatise 

on Bridge Building. 8vo, cloth $3 .00 

WHITE, W. H., K.C.B. A Manual of Nayal Architecture, 

for use of Officers of the Royal Navy, Officers of the Mercantile 
Marine, Yachtsmen, Shipowners and ShipbuUderB. Containing 
many figures, diagrams and tables. Thick, 8vo, cloth, illus- 
trated $9.00 

WHITELAW, J., Jr. Surveying, as Practiced by Civil 

Engineers and Surveyors; including the setting-out of work for 
construction and surveys abroad, with examples taken from 
actual practice. Intended as a handbook for Field and Office 
use; also as a text-book for Students. With numerous tables, 
full-page plates and diagrams. 8vo, doth, illustrated, 516 
pages net, $4.00 

WILKINSON, H. D. Submarine Cable-laying, Repairing, 

and Testing. 8vo, cloth $6.00 
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WILLIAMSON, R. S. On the Use of the Barometer on 

Surveys and Reconnoissances. Part I. Meteorology in its Con- 
nection with Hypaometry. Part II. Barometric Hypeometrv. 
With illustrative tables and engravings. 4to, doth $15.00 

Practical Tables in Meteorology and Hypsometry, in 

connection with the use of the Barometer. 4to, cloth $2 . 50 

WILSON, 6. Inorganic Chemistry, with New Notation. 

Revised and enlarged by H. Q. Madan. New ediHon. 12mo, 
cloth S2.00 

WILLSON, F. N. Theoretical and Practical Graphics. 

An Educational Course on the Theory and Practical Applications 
of Descriptive Geometir and Mechanical Drawinc. Prepared 
for students in General Science, Engraving, or Architecture. 
Third Edition^ revised. 4to, cloth, illustrated net, $4 . 00 

Note-taking, Dimensioning and Lettering. 4to, Cloth, 

illustrated net, $1 .25 

— —Third Angle Method of Making Working Drawings. 

4to, cloth, illustrated net, SI .25 

Some Mathematical Curves, and Their Graphical 

Construction. 4to, cloth, illustrated net, $1 . 50 

Practical Engineering Drawing and Third Angle 

Projection. 4to, cloth, illustrated net, S2.S0 

Shades, Shadows, and Linear Perspectiye. 4to, Cloth. 

illustrated net, $1 . 00 

Descriptive Geometry — Pure and Applied, with a 

chapter on Higher Plane Curves, and the Helix. 4to, cloth 
illustrated net, S3 .00 

WINKLER, C, and LUNGE, G. Handbook of Technical 

Gas-Anal3rsis. With figures and diagrams. Second English edi- 
tion. Translated from the third greatly enlarged German edition, 
with some additions by^George Lunge, Ph.D. 8vo, cloth, illus- 
trated, 190 pages $4.00 

WOODBURY, D. V. Treatise on the Various Elements 

of Stability in the Well-proportioned Arch. With numerous 
tables of the Ultimate and Actual Thrust. 8vo, half morocco. 
Illustrated $4.00 
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WRIGHT, A. C. Analysis of Oils and Allied Substances. 

8vo, cloth, illustrated, 241 pages net, 93.50 

Simple Method for Testing Painters' Materials. 8yo, 

cloth, 160 pages : net, $2.50 

WRIGHT, T. W., Prof. (Union College.) Elements o" 
Mechanics; including Kinematics, Kinetics and Statics. With ap- 
plications. Third Edition, revised and enlarged. 8vo, doth. . $2 . 50 

WYNKOOP, R. Vessels and Voyages, as Re^^ted by 

Federal Statutes and Treasury Instructions and Decisions 8vo, 
cloth $2.00 

YOUNG, J. E. Electrical Testing for Teleeraph Engineers. 

With Appendices connsting of Tables. Svo, cloth, illiis. . . $4.00 

YOUNG SEAMAN'S MANUAL. Compiled from Various 

Authorities, and Illustrated with Numerous Original and Select 
Designs, for the Use of the United States Training Ships and the 
Marine Schools. Svo, half roan $3 .00 

ZIPSER, J. Textile Raw Materials, and Their Conversion 

into Yams. The study of the Raw Materials and the Technology 
of the Spinning Process. A Text-book for Textile, Trade and 
higher Technical Schools, as also for self-instruction. Based upon 
the ordinary syllabus and curriculum of the Imperial and Royal 
Weaving Schools. Tranvlated from the German by Chas. Salter. 
Svo, cloth, illustrated net, $5.00 
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nrHEY are put up in a uniform, neat, and attractive form. iSnto, 
boards. Price 50 cents per volume. The subjects are of an 
eminently scientific character and embrace a wide range of topics, and 
are amply illustrated when the subject demands. 

Ho. I. CHIMNEYS FOR FURHACES AUD STEAM BOILERS. Bj 
R. Armstrong, C.E. Third American Edition. Revised and 
partly rewritten, with an Appendix on "Theoiy of Chimney 
Draught," by F. E. IdeU. M.E. 

Ho. 2. STEAM-BOILER EXPLOSIONS. By Zerah Colbum. New 
Edition, revised by Prof. R. H. Thurston. 

NO. 3. PRACTICAL DESIGNING OF RETAINING-WALLS. Bt 

Arthur Jacob, B.A. Fourth edition, with additions by Prof. 
W. Cain. 

No. 4. PROPORTIONS OF PINS USED IN BRIDGES. By Charies 
E. Bender, C.E. Second edition, with Appendix. 

No. 5. VENTILATION OF BUILDINGS. By W. F. Butler. Second 

edition, re-edited and enlarged by James A. Greenleaf, C.E. 
New edition in press. 

No. 6. ON THE DESIGNING AND CONSTRUCTION OF STORAGE 

Reservoirs. By Arthur Jacob, B.A. Second American edition , 
revised, with additions by E. Sherman Gould. 

No. 7. SURCHARGED AND DIFFERENT FORMS OF RETAINING- 

walls. By James S. Tate, C.E. 

No. 8. A TREATISE ON THE COMPOUND STEAM-ENGINE. By 



I 
John Tumbull, Jr. 2nd edition, revised by Prof. S. W. Robinson. 1 

I 
I 
I 
I 



No. 9. A TREATISE ON FUEL. Bv Arthur V. Abbott, C.E. Founded 

on the original treatise of C. William Siemens, D.C.L. 

No. 10. COMPOUND ENGINES. Translated from the French of A. 

Mallet. Second edition, revised with results of American Prac- 
tice, by Richaiti H. Buel, C.E. 

No. XI. THEORY OF ARCHES. By Prof. W. Allan. 

No. 12. THEORY OF VOUSSOIR ARCHES. By Prof. Wm. Cain. 

Second edition, revised and enlaiged. 

60 I 
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5o. 13. GASES MET WITH Ilf COAL MINES. By J. J. Atkinson. 

Tliird edition, revised, and enlarged by Edward H. Willianis, Jr. 

Ho. 14. FRICTION OF AIR IN MINES. By J. J. Atkinson* Second 
American edition. 

No. 15. SKEW ARCHES. By ProL E. W. Hyde, C.E. Illustrated. 

Second edition. 

No. 16. GRAPHIC METHOD FOR SOLVING CERTAIN QX7ESTI0NS 

in Arithmetic or Algebra. By Prof. G. L. Voee. Second 
edition. 

No. 17. WATER AND WATER-SUPPLY. By Prof. W. H. Corfield, 
of the University College, London, ^^^econd American edition. 

No. z8. SEWERAGE AND SEWAGE PURIFICATION. By M. N. 
Baker, Associate Editor '^ Engineering News." 

No. 19. STRENGTH OF BEAMS UNDER TRANSVERSE LOADS. 
By Prof. W. Allan, author of "Theory of Arches." Second 
ecution, revised. 

No. 20. BRIDGE AND TUNNEL CENTRES. By John B. McMaster, 
C.E. Second edition. 

No. 21. SAFETY VALVES. By Richard H. Buel, C.E. Third edition. 

No. 22. HIGH MASONRY DAMS. By E. Sherman Gould, M. Am. 

Soc. C. E. 

No. 23. THE FATIGUE OF METALS UNDER REPEATED STRAINS. 
With variotis Tables of Results and Experiments. From the 
German of Prof. Ludwig Spangenburgh, with a Preface by S. H. 
Shreve, A.M. 

No. 24; A PRACTICAL TREATISE ON THE TEETH OF WHEELS. 

By Prof. S. W. Robinson. 2nd edition, revised, with additions. 

No. 25. THEORY AND CALCULATION OF CANTILEVER BRIDGES. 
By R. M. WUcox. 

No. 26. PRACTICAL TREATISE ON THE PROPERTIES OF CON- 
tinuous Bridges. By Charles Bender, C.E. 

No. 27. BOILER INCRUSTATION AND CORROSION. By F. J. 
Rowan. New edition. Revised and partly rewritten by F. E. 
Idell. 

No. 28. TRANSMISSION OF POWER BY WIRE ROPES. By Alber 

W. Stahl, U.S.N. Second edition, revised. 

No. 29. STEAM INJECTORS. Translated from the French of M. 
Leon Pochet. 0^ 

No. 30. MAGNETISM OF IRON VESSELS AND TERRESTRIAL 

Magnetism. By Prof. Fairman Rogers. 
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ITo. 31. THB SANITARY COHDITION OF UTY AND COUNTRY 

Dwelling-hoiiaes. By George E. Waring, Jr. Second edition, 
revised. 

No. 33. CABLE-MAKING FOR SUSPENSION BRIDGES. By W. 

Hildenbrand, C.E. 

No. 33. MECHANICS OF VENTILATION. By George W. Rafter, CE. 

New and revised edition. 

No. 34. FOUNDATIONS. By Prof. Jules Gaudard, CE. Tnma- 

lated from the French. Second edition. 

No. 35. THE ANEROID BAROMETER: ITS CONSTRUCTION AND 

Use. Compiled by George W. Plympton. Eighth edition^ 
revised and enlarged. 

No. 36. MATTER AND MOTION. By J. Clerk Maxwell, MJL Second 
American edition. 

No. 37. GEOGRAPHICAL SURVEYING: ITS USES, METHODS^ 
and Results. By Frank De Yeaux Carpenter, C.E. 

No. 38. MAXIMUM STRESSES IN FRAMED BRIDGES. By Prof. 

William Cain, A.M., C.E. New and revised edition. 

No. 39. A HANDBOOK OF THE ELECTRO-MAGNETIC TELE^ 
graph. By A. E. Loring. Fourth edition, revised. 

No. 40. TRANSMISSION OF POWER BY COMPRESSED AIR. Bjr 

Robert Zahner, M.E. New edition, in press. 

No. 41. STRENGTH OF MATERIALS. By William Kent, C.E., 

Assoc. Editor "Engineering News." Second edition. 

No. 43. THEORY OF STEEI^CONCRETE ARCHES. AND OP 

Vaulted Structures. By Prof. Wm. Cain. Third edition, 
thoroughly revised. 

No. 43. WAVE AND VORTEX MOTION. By Dr. Thomas Craig^ 
of Johns Hopkins University. 

No. 44. TURBINE WHEELS. By Prof. W. P. Trowbridge, Columbia 
College. Second edition. Revised. 

No. 45. THERMO-DYNAMICS. By Prof. H. T. Eddy, University 
of Cincinnati. New edition, in press. 

No. 46. ICE-MAKING MACHINES. From the French of M. Le Douz. 
Re\n8ed by Prof. J. E. Denton, D. S. Jacobus, and A. Riesenberger. 
Fifth edition, re\T8ed. 

No. 47. LINKAGES: THE DIFFERENT FORMS AND USES OP 
Articulated Links. By J. D. C. De Roos. 

No. 48. THEORY OF SOLID AND BRACED ELASTIC ARCHES^ 

By William Cain, C.E. 

No. 49. MOTION OF A SOLID IN A FLTHD. By Thomas Craig, Ph.D, 
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5o. 50. DWELLING-HOnSES: THEIR SANITARY COHSTRUC- 
Uon and Arrangem nte. By Prof. W. H. Corfield. 

Ho. 51. THE TELESCOPE : OPTICAL PRINCIPLES INVOLVED IN 

the Construction of Refracting and Reflecting Telescopes, with 
a new chapter on the Evolution of the Modem Telescope, and a 
Bibliogrannv to date. With diagrams and folding plates. By 
Thomas Nolan. Second edition, revised and enlarged. 

No. 52. DfAGINART QUANTITIES: THEIR GEOMETRICAL IN- 
terpretation. Translated from the French of M. Argand by 
Prof. A. S. Hardy. 

No. 53. INDUCTION COILS: HOW MADE AND HOW USED. 
Eleventh American edition. 

No. 54. KINEMATICS OF MACHINERT. By Prof. Alex. B. W. 
Kennedy. With an introduction by Prof. R. H. Thurston. 

No. 55. SEWER GASES: THEIR NATURE AND ORIGIN. By A. 

de Varona. Second edition, revised and enlarged. 

No. 56. THE ACTUAL LATERAL PRESSURE OF EARTHWORK. 

By Benj. Baker, M. Inst., C.E. 

No. 57. INCANDESCENT ELECTRIC LIGHTING. A Practical De- 
scription of the Edison System. By L. H. Latimer. To 
which is added the Design and Operation of Incandescent Sta- 
tions, by C. J. Field; and the Maximum Efficiency of Incandescent 
Lamps, by John W. Howell. 

No. 58. VENTILATION OF COAL MINES. By W. Fairley, M.E., 
and Geo. J. Ancfa^. 

No. 59* RAILROAD ECONOMICS; OR, NOTES WITH COMMENTS. 
By S. W. Robinson, C.E. 

No. 60. STRENGTH OF WROUGHT-IRON BRIDGE MEMBERa 

By S. W. Robinson, C.E. 

No. 6z. POTABLE WATER. AND METHODS OF DETECTING 

Impurities. By M. N. Baker. 

No. 62. THEORY OF THE GAS-ENGINE. By Dougald Clerk. Third 
edition. With additional matter. Edited by F. E. Idell, M.E. 

No. 63. HOUSE-DRAINAGE AND SANITARY PLUMBING. By W. 
P. Gerhard. Tenth edition. 

No. 64. ELECTRO-MAGNETS. By A. N. Mansfield. 

No. 65. POCKET LOGARITHMS TO FOUR PLACES OF DECIMALS. 

Including Ijogarithms of Numbers, etc. 

No. 66. DYNAMO-ELECTRIC MACHINERY. By S. P. Thompson. 
With an Introduction by F. L. Pope. Third edition, revised. 

No. 67. HYDRAULIC TABLES FOR THE CALCULATION OF THE 
Discharge through Sewers, Pipes, and Conduits. Based on 
"KuttePs Form\2a." By P. J. Flynn. 
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Ho. 68. STEAM-HEATDIG. Bj Robert Briggs. Third edition^ 

vised, with additions by A. R. Wolff. 

No. 69. CHEUCAL PROBLEMS. By Prof. J. C. Foye. Fo 

edition, revised and enlarged. 

No. 70. EXPLOSIVE MATERIALS. By Ueut John P. WisMr. 

No. 7z. DYNAMIC ELECTRICITY. By John Hopkuison, J. 

Shoolbred, and R. £. Day. 

No. 72. TOPOGRAPHICAL SURVEYING. By George J. Spec 

Prof. A. S. Hardy, John B. McMaster, and H. F. Walling. Seco 
edition, revised. 

No. 73. SYMBOLIC ALGEBRA; OR, THE ALGEBRA OF ALG 

braic Numbers. By Prof. William Cain. 

No. 74- TESTING MACHINES: THEIR HISTORY, COIfSTRUi 

tion and Use. By Arthur V. Abbott. 

No. 75. RECENT PROGRESS IN DYNAMO-ELECTRIC MACHINES 

Being a Supplement to "Dynamo-electric Machinery." Bj 
Prof. Sylvanus P. Thompson. 

No. 76. MODERN REPRODUCTIVE GRAPHIC PROCESSES. Bj 

Lieut. James S. Pettit, U.S.A. 

No. 77. STADIA SURVEYING. The Theory of Stadia Measax«- 
ments. By Arthur Winslow. Fifth edition. 

No. 78. THE STEAM-ENGINE INDICATOR AND ITS USE. By 
W. B. Le Van. 

No. 79. THE FIGURE OF THE EARTH. By Frank C. Roberts, C.E. 

No. 80. HEALTHY FOUNDATIONS FOR HOUSES. By Glenn 
Brown. 

No. 81. WATER METERS: COMPARATIVE TESTS OF ACCURACY, 
Delivery, e'c. Distinctive features of the Worthington, Ken- 
nedy, Siemens, and Hesse meters. By Ross E. Browne. 

No. 82. THE PRESERVATION OF TIMBER BY THE USE OF AN H- 
septics. By Samuel Bagster Boulton, C.E. 

No. 83. MECHANICAL INTEGRATORS. By Prof. Henry S. H. 
Shaw, C.E. 

No. 84. FLOW OF WATER IN OPEN CHANNELS, PIPES, CON- 
duits, Sewers, etc. With Tables. By P. J. Flynn, C.E. 

No. 85. THE LUMINIFEROUS J6THER. By Prof. De Volson Wood. 

No. 86. HANDBOOK OF MINERALOGY: DETERMUfATTOlT, DE- 
scription, and Classification cf Minerals Found in the United 
States. By Prof. J. C. Foye. Fifth edition, revised. 
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Wo. 87. TREATISE ON THE THEORY OF THE CONSTRUCTIOH 

of Ilelicoidal Oblique Arches. By John L. Ciilley, C.E. 

No. 88. BEAMS AND GIRDERS. Practical Formulas for their Resist- 
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